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Telomeres in aging and disease:

lessons from zebrafish
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ABSTRACT

Age is the highest risk factor for some of the most prevalent human
diseases, including cancer. Telomere shortening is thought to play a
central role in the aging process in humans. The link between
telomeres and aging is highlighted by the fact that genetic diseases
causing telomerase deficiency are associated with premature aging
and increased risk of cancer. For the last two decades, this link has
been mostly investigated using mice that have long telomeres.
However, zebrafish has recently emerged as a powerful and
complementary model system to study telomere biology. Zebrafish
possess human-like short telomeres that progressively decline with
age, reaching lengths in old age that are observed when telomerase
is mutated. The extensive characterization of its well-conserved
molecular and cellular physiology makes this vertebrate an excellent
model to unravel the underlying relationship between telomere
shortening, tissue regeneration, aging and disease. In this Review,
we explore the advantages of using zebrafish in telomere research
and discuss the primary discoveries made in this model that have
contributed to expanding our knowledge of how telomere attrition
contributes to cellular senescence, organ dysfunction and disease.

KEY WORDS: Aging, Cancer, Disease, Telomerase, Telomeres,
Zebrafish

Introduction

The ends of eukaryotic chromosomes are capped by telomeres,
which are composed of repeated hexanucleotide DNA sequences
[(TTAGGG)n] averaging from 5 to 15kb in humans (Moyzis
etal., 1988) and an associated protein complex known as ‘shelterin’
(de Lange, 2005). Telomeres are crucial for genome stability:
they prevent chromosome ends from engaging in illegitimate
repair and ensure their maintenance by recruiting the enzyme
telomerase, a reverse transcriptase that elongates telomeres (de
Lange, 2005).

In humans, telomerase is found active particularly in germ cells
and certain adult stem cells, and can be transiently upregulated by
cells of the immune system (Hiyama and Hiyama, 2007; Hodes
et al., 2002; Kim et al., 1994; Weng et al., 1997). In contrast, the
majority of differentiated somatic cells have no detectable levels of
telomerase (Kim et al., 1994). Consequently, telomeres shorten with
each round of cell division and with aging (Harley et al., 1990). Cell
turnover, however, is not sufficient to predict how fast tissues lose
telomere sequences (Daniali et al., 2013). Accordingly, alternative
mechanisms have been proposed to contribute to telomere
shortening, including post-replicative processing by exonucleases
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(such as Apollo and Exol) (Chai et al., 2006; Wu et al., 2012) and
oxidative stress (Oikawa et al., 2001; Passos et al., 2007; Saretzki
et al., 2003).

Telomeres that have been shortened to critical lengths are
recognized as DNA double-strand breaks (DSBs) and trigger
mechanisms constituting DNA-damage responses (DDRs) that
culminate in a specific type of cell-cycle arrest, designated by
Hayflick as ‘replicative senescence’ (d’Adda di Fagagna et al.,
2003; Hayflick and Moorhead, 1961; Olovnikov, 1996; van
Steensel et al.,, 1998). Senescence induced by short telomeres
can lead to both favourable and deleterious consequences. On the
positive side, this phenomenon can avert the indefinite proliferation
of malignant tumour cells, and thus prevent the development of
cancer (Kim et al., 1994). On the negative side, it limits the function
of stem cells that are necessary for tissue regeneration, potentially
contributing to the loss of tissue homeostasis observed in aging
(Aubert and Lansdorp, 2008; Campisi, 2014).

A prominent role for telomeres in aging has been supported
by studies showing that mutations in genes crucial for telomere
maintenance cause degenerative disorders that result in premature-
aging symptoms ( progeria-type diseases dubbed ‘telomeropathies’)
(Armanios and Blackburn, 2012; Carrero et al., 2016). An example
of a multisystem disorder caused by defective telomere maintenance
is dyskeratosis congenita (DC). Individuals with DC often carry
mutations in TERT and TERC, which encode the catalytic and RNA
subunits of telomerase, respectively. Other genes that have been
implicated in the disease include 7/N2 (TERF1-interacting nuclear
factor 2), which encodes a component of shelterin, and genes
involved in the biogenesis and trafficking of telomerase, including
DKCI (dyskerin; dyskeratosis congenita 1), NOPI0 (nucleolar
protein 10) and 7CABI (telomerase Cajal body protein 1)
(Armanios et al., 2005; Heiss et al., 1998; Marrone et al.,
2007; Trahan et al., 2010; Vulliamy et al., 2001; Vulliamy and
Dokal, 2008; Walne et al., 2007; Zhong et al., 2011). DC
individuals have much shorter telomeres than their
unaffected relatives and die prematurely, presenting characteristic
dysfunctional phenotypes in their first decade of life, including
nail dystrophy, oral leukopathies and hyperpigmentation of the
skin (Kirwan and Dokal, 2009). Other characteristics reminiscent
of aging can develop later on, such as premature greying of the hair,
hair loss (alopecia), a condition affecting teeth known as
taurodontism, osteoporosis and cancer (Armanios, 2009). The
majority of affected individuals die from bone-marrow failure due to
an impaired renewal capability of hematopoietic stem cells (HSCs)
(Basel-Vanagaite et al., 2008; Jacobs et al., 1984). Hoyeraal-
Hreidersson syndrome (HHS) is a rare and severe variant of
DC. In addition to DC symptoms, HHS is clinically characterized
by cerebellar hypoplasia and microcephaly (Aalfs et al.,
1995). Other exceptionally rare variations of DC include Revesz
syndrome and Coats plus syndrome (Ramasubramanian and
Shields, 2012; Scheinfeld et al., 2007). Interestingly, these
disorders exhibit a pattern of genetic anticipation, in which later
generations of carriers have shorter telomeres and suffer from an

737

(%]
S
oA
c
©
<
O
o}
=
3
A
0}
e,
o
=
o)
(%)
©
Q
oA
(@]


https://core.ac.uk/display/74284212?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:mgferreira@igc.gulbenkian.pt
http://orcid.org/0000-0002-8363-7183
http://creativecommons.org/licenses/by/3.0
http://creativecommons.org/licenses/by/3.0

REVIEW

Disease Models & Mechanisms (2016) 9, 737-748 doi:10.1242/dmm.025130

carlier onset of disease with aggravated symptoms (Holohan et al.,
2014). TERT heterozygote carriers can express some form of DC
and even wild-type children inherit shorter telomeres (than average)
from their parents (Chiang et al., 2010). The reason why these
children would inherit and maintain shorter telomeres in the
presence of telomerase remains unclear.

To complement studies of humans with DC, late-generation
telomerase-knockout mice (obtained by incrossing telomerase
mutants for several generations, typically three or four) have been
used. These mice provide a crucial laboratory tool to assess how
telomere shortening promotes aging (Blasco et al., 1997; Rudolph
et al., 1999). However, these mice fail to demonstrate full
penetrance of DC symptoms, possibly owing to the fundamental
differences in telomere length, cell immortalization and entry
into senescence that distinguish mouse cells from human cells
(Wright and Shay, 2000). This has fuelled the characterization of
alternative telomerase-deficient vertebrate animals to more
effectively bridge the gap between model organisms and humans
in the study of telomere biology and aging. This Review offers
a synthesis of the primary discoveries made in zebrafish models
that have furthered our understanding of how short telomeres or
the absence of telomerase can contribute to aging (from cellular
senescence to tissue dysfunction) and disease (DC and cancer). We
discuss the similarities between zebrafish telomere biology and
mammalian (mouse and human) telomere biology. Finally, we raise
awareness of questions that remain unsolved in the telomere-aging-
disease triangle, in particular how this interplay is mediated at the
molecular level and highlight the advantageous features of zebrafish
—such as rapid development and ease of drug screening — that could
help to address these questions in the near future.

Zebrafish telomeres in aging - why study them?

Most short-lived rodent species die before telomeres reach the
lengths found in human senescent cells (Flores et al., 2008; Gomes
etal.,2011; Harley et al., 1990). The common lab mouse, which has
been the primary model to date for studying how telomere
shortening impacts organismal homeostasis, has telomeres
ranging from 20-150 kb in length (Kipling and Cooke, 1990).
Telomeres in mice are thus four- to ten-times bigger than telomeres
in humans, whose average telomeres generally range from 5-15 kb
(Moyzis et al., 1988; Wright and Shay, 2000). Strikingly,
telomerase-deficient lab mice are viable through several
generations of incrossing (mating of animals that are homozygous
for the TERT or TERC loci). Previous studies showed that only later
generations displayed severe disease phenotypes (e.g. premature
death, infertility, intestinal atrophy, bone-marrow failure) (Blasco
et al., 1997; Lee et al., 1998). This contrasts with the immediate
(first generation) tissue-dysfunction phenotypes and decreased
lifespan of humans carrying mutations in telomerase genes. One
single study found, however, that the first generation (G1) of inbred
Terc™~ mice already exhibited reductions in medium and maximum
survival (Garcia-Cao et al., 2006). It remains unclear whether the
discrepancies found between these findings and those reported in
earlier studies involving telomerase-knockout mice are related to
strain differences.

Thus, there is a high demand for the development of alternative
vertebrate models that, like humans, require telomerase for normal
lifespan and tissue homeostasis. In this regard, two short-lived fish
species with human-like telomeres have emerged as promising
complementary vertebrate models: zebrafish (5-15 kb telomeres)
and the GRZ killifish strain (6-8 kb telomeres) (Alcaraz-Pérez et al.,
2014; Anchelin et al., 2013; Bednarek et al., 2015; Carneiro et al.,
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2016; Harel et al., 2015; Henriques et al., 2013; Imamura et al.,
2008; Kim et al., 2016).

The GRZ killifish inbred strain offers a great advantage in studies
of aging: of all vertebrate models bred in laboratory conditions, it has
the shortest natural lifespan, with a maximum of 6 months (Harel
et al., 2015). However, unlike in humans, telomere shortening with
age is not observed in the GRZ strain (Hartmann et al., 2009). In
addition, although telomerase deficiency in killifish causes premature
tissue dysfunction, including gut villi atrophy, infertility, loss of
blood cellularity and epithelial adenomatous changes, it appears not
to influence the lifespan of the organism, nor embryo telomere length,
in the first generation (Harel et al., 2015). Crucially, it remains to be
shown whether the tissue degeneration observed in telomerase
killifish mutants is a consequence of telomere shortening during
adulthood. Future studies should also evaluate the possibility of using
other killifish strains, such as the wild-derived strain MZM-0403 (a
short-lived strain with human-like telomeres that shorten with age), as
alternative models for telomere research (Hartmann et al., 2009).

The use of zebrafish, which has a maximum lifespan of
43 months (Carneiro et al., 2016), as a model to study the effects
of telomerase deficiency and telomere shortening in aging, cancer
and regeneration has been growing at a fast pace in the past decade
(Anchelin et al., 2013; Bednarek et al., 2015; Carneiro et al., 2016;
Henriques et al., 2013; Imamura et al., 2008; Wang et al., 2014).
The functional domains of zebrafish telomerase are highly similar to
their human counterparts [N-terminus, telomerase RNA (TR)-
binding site and reverse transcriptase (RT) motifs] (Imamura et al.,
2008; Lau et al., 2008). As in humans, the zebrafish telomerase
promoter is activated by Myc and NF-xB (Lau et al., 2008).
Telomerase expression, although detected in most zebrafish tissues,
declines with age (Anchelin et al, 2011; Lau et al., 2008).
Consequently, as in humans, telomeres also shorten significantly
over time in tissues such as blood and muscle (Anchelin etal., 2011;
Carneiro et al., 2016). Three interesting aspects of telomere
shortening in zebrafish further substantiate that this organism is
an effective model to study human telomere biology:

1. As reported for humans (Daniali et al., 2013), telomere
shortening occurs both in high-turnover (e.g. gut) and low-
turnover (e.g. muscle) organs in zebrafish, regardless of
differences in proliferation rates (Carneiro et al., 2016). What
determines shortening in tissues with lower proliferation rates is
unknown, but causality between higher reactive oxygen
species (ROS) levels and telomere shortening remains to be
tested. ROS are known to cause genotoxic damage particularly
in G-rich DNA regions, including telomeres (Henle et al.,
1999; Oikawa et al., 2001), which could result in their attrition.

2. In zebrafish gut and muscle tissue, pronounced telomere
erosion occurs within the first 1.5 years, after which no
significant shortening can be detected. In humans, a similar
trend of accentuated shortening during puberty followed by
stabilization in length at later ages has been described (Aubert
etal., 2012; Ruferet al., 1999; Sidorov et al., 2009) and could
reflect the elimination of cells with extremely short telomeres,
possibly via apoptosis.

3. The accumulation of short telomeres and of damage at
telomeres over time in zebrafish anticipates the onset of
tissue-specific phenotypes of aging, such as intestinal
inflammation, and of aging-associated diseases, such as
cachexia and, surprisingly, cancer (contrary to several
oncogene-driven telomerase-knockout models) (Carneiro
et al., 2016) (Fig. 1).
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Fig. 1. Telomeres shorten at different rates, anticipating local and systemic tissue dysfunction in zebrafish aging. Telomeres shorten naturally over time in
specific zebrafish organs, such as the gut and muscle (but not testes), regardless of differences in proliferation rates. This shortening, together with the
accumulation of local telomere damage, precludes the onset of tissue-dysfunction events in aging, including intestinal inflammation and sarcopenia. Critically
short telomeres in the gut and muscle might prove to be sufficient in disrupting homeostasis in unrelated tissues, where telomeres do not shorten, by generating
systemic signals (purple) of dysfunction that create a ‘disease-permissive’ environment.

Altogether, these studies strongly support the hypothesis that,
similarly to in humans but in contrast to in GRZ killifish, telomere
shortening acts as a major contributor to the increase in DNA
damage, tissue dysfunction and disease observed in zebrafish aging
(Fig. 1). Accordingly, many larval and adult models have emerged
to directly explore how these variables are interconnected. These are
reviewed in the next sections and some provocative questions of
where telomere research in zebrafish could lead us are raised.

A model of vertebrate accelerated aging: the telomerase
mutant zebrafish

The crucial need to evaluate how telomere shortening regulates
tissue homeostasis in vertebrates with human-like telomeres has
led to efforts to characterize the telomerase-deficient zebrafish
strain terf3430/hu3430 (Anchelin et al., 2013; Henriques et al., 2013)
(Table 1). First-generation terf"™3430/hu3430 zebrafish, hereafter
referred to as fert™~, have shorter telomeres than wild-type
zebrafish and die prematurely (Anchelin et al., 2013; Henriques
et al, 2013). fert”~ zebrafish develop several degenerative
phenotypes. Homeostasis is disrupted in tert™~ highly
proliferative tissues (e.g. testis and gut), resulting in infertility,
gastrointestinal atrophy and inflammation. Low-proliferation
tissues, such as muscle and eye, also display dysfunctional
phenotypes, including sarcopenia (muscle) and retinal atrophy
(eye) (Anchelin et al., 2013; Henriques et al., 2013). Strikingly, the
majority of these tissue-dysfunction events tightly phenocopy those
that occur during natural zebrafish aging (Carneiro et al., 2016). In
addition, fert™~ zebrafish exhibit an accelerated onset of several
age-related diseases, such as cachexia, gas-bladder infection and
cancer (discussed below). These studies substantiate that the
telomerase mutant zebrafish, an organism with artificially
shortened telomeres, is an effective model to study the responses
elicited by natural telomere erosion in physiological aging.

As in mammals, telomerase dosage seems to be a crucial factor
for zebrafish homeostasis. This is underscored by the observation
that more than 50% of a tert™~ incross progeny (second-generation
tert”~ mutants or G2 tert~") die within the first week of life
(Anchelin et al., 2013), a phenomenon that can be partially rescued
by restoring telomerase activity (Anchelin et al., 2013). The severity
of developmental defects found in G2 tert”~ zebrafish is

proportional to the amount of critically short telomeres, measured
as ‘telomere free-ends’ (Anchelin et al., 2013). Thus, telomerase
deficiency causes a disease anticipation phenomenon in zebrafish,
reproducing what is typically observed in human telomeropathies.

Further supporting a vital role for telomeres in zebrafish
homeostasis, mutants for the telomere repeat binding factor 2 (Terf2
in mammals; Terfa in zebrafish), terfa6753678  are embryonically
lethal (Table 1). In addition, these embryos demonstrate premature
retinal neurodegeneration and senescence in the brain and spinal cord
(Kishietal., 2008). Adult terfa heterozygotes, although viable, exhibit
signs of premature retinal degeneration and have a shorter lifespan
compared with wild type (Kishi et al., 2008) (Table 1).

Many exciting questions follow these ground-breaking studies
using adult zebrafish models, perhaps the most pressing being
whether telomerase-activating therapeutics can delay zebrafish aging.
Single telomerase gene therapy treatments using recombinant non-
integrative adeno-associated viruses (AAVs) seem to be sufficient to
delay the incidence of aging-associated pathologies and extend wild-
type mouse lifespan, an animal with comparatively long telomeres
(Bernardes de Jesus et al, 2012). Is whole-body telomerase
overexpression sufficient to delay aging in zebrafish, an animal
with human-like telomeres? If targeted to specific tissues where
telomeres shorten over time, is telomerase overexpression sufficient to
prevent local and systemic damage in aging? Is there an optimal
therapeutic time window before age-associated defects become
irreversible? Answers to these questions will provide crucial clues
for the development of telomerase-based rejuvenation therapies.

The complex interplay between telomeres, telomerase and
cancer

Telomere shortening commits cells to growth arrest after a certain
number of divisions — a mechanism that acts as a robust suppressor
of tumour growth (Harley et al., 1990; Hayflick and Moorhead,
1961). Cells with short telomeres, however, can find ways to bypass
replicative senescence, such as acquiring a mutation in the cell-cycle
regulator p53 that favours continuing proliferation (Chin et al.,
1999). Resumed proliferation ramps up chromosomal instability
(“crisis’), resulting in massive death mediated by mitotic telomere
deprotection — where telomeres can no longer be distinguished from
DNA damage — and chromosome fusions (Chin et al., 1999;
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Table 1. Zebrafish models for telomere and telomerase research

Zebrafish model

Effects on telomerase activity/
telomere length

Tissues affected

Key mutant phenotypes

References

tert hu3430/hu3430

te rfahl36 78/hi3678

te rfahi36 78/+

terthu3430/hu3430
tp53M214KIM214K

nop 10hi25 78/hi257

nop 10h12578/h12578
tp53M214K/M214K

Terc MO

Tert MO

Dke1 MO

No telomerase activity/shorter
telomeres

ND

ND

No telomerase activity/shorter
telomeres

Telomerase activity has not
been characterised/no
difference in telomere length

Telomerase activity has not
been characterised/no
difference in telomere length

No telomerase activity/no
difference in telomere length

Decreased telomerase activity/
no difference in telomere
length

Normal telomerase activity/no
difference in telomere length

Testis, gut,
muscle, eye, fat
layer, swim
bladder

Brain, spinal cord,
eye

Eye

Testes, gut

Blood

Blood

Blood

Blood

Blood

1st generation:

« Shorter lifespan — average 11 months vs
31 months in wild-type zebrafish

» Shorter telomeres in several tissues

« Premature tissue aging: infertility, gastrointestinal
atrophy and inflammation, sarcopenia and retinal
atrophy, thinning of subcutaneous fat layer

« Premature aging diseases: cachexia, swim-
bladder infection and cancer

2nd generation:

- Embryonic lethal (average lifespan 1 day);
develops with multiple malformations

» Very short telomeres, multiple telomeric signals
and chromosome fusions.

» Embryonic lethal

+ High SA-B-gal activity in the brain and spinal cord

» Retina degeneration

Telomere fusions and chromosomal fragility

High levels of ROS in the neural tube and cell

death

« Shorter lifespan (males) — average ca. 28 months

vs WT ca. 38 months

Retinal degeneration

Longer lifespan (87% tert "~ tp537'~ alive at

12 months vs 0% of tert"')

Increased proliferation and apoptosis in gut and

testes, compared to tert™" levels

« Suppression of tert”’~ gut-villi length defects

« Fewer developmental malformations and
significant lifespan rescue in G2 tert”'~ larvae

« Embryonic lethal by 5 dpf

« Failure of 18S rRNA processing, resulting in a
collapse of the 40S small ribosomal subunit.

« No telomere shortening by 4 dpf.

» Erythrocyte loss.

» p53-dependent apoptosis of HSC.

« Introduction of the tp53M214K/ M214K alleles to the
nop10~"~ mutant is enough for HSC development
to proceed

« Normal emergence of HSCs, with an alteration of
cell fate

» Change in developmental myelopoiesis, through
the regulation of the master myeloid and erythroid
transcription factors spi1 and gata

« Strong neutropenia and monocytopenia

« Phenotypes are independent of telomerase
activity and telomere length

» Hypochromic anemia

« Abnormal differentiation and apoptosis of
hematopoietic stem and/or progenitor cells

« The apoptotic and cytopenic phenotypes are
p53- and Bcl-2-dependent

» The hematopoietic defects are restored upon
zebrafish or human TERT expression

« Absence of telomere length alterations

» HSC failure

 Increased expression of p53

« Defective ribosomal biogenesis

« Hematopoietic defects are rescued by p53
inhibition

« No detectable changes in telomerase function

Henriques et al., 2013;
Anchelin et al., 2013;
Carneiro et al., 2016

Kishi et al., 2008

Kishi et al., 2008

Henriques et al., 2013;
Anchelin et al., 2013

Pereboom et al., 2011

Pereboom et al., 2011.

Alcaraz-Perez et al.,
2014;

Imamura et al., 2008).

Zhang et al., 2012

dpf, days post-fertilization; HSC, hematopoietic stem cell; MO, morpholino; ND,

not defined; ROS, reactive oxygen species; WT, wild type.

Hayashi et al., 2015). Such events favour the selection of mutations
that promote activation of telomere maintenance programs that
facilitate sustained proliferation — 90% of human cancers achieve

this by reactivating telomerase (Kim et al., 1994; Meyerson et al.,
1997; Shay and Bacchetti, 1997). Thus, although telomere
shortening might have evolved to keep cancer at bay, it also
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promotes the selection of unstable cells that can effectively bypass
tumour-suppressor checkpoints (Artandi et al., 2000).

Surprisingly, telomerase activity is not rate-limiting for zebrafish
tumorigenesis: fert”~ mutants develop spontaneous tumours at a
similar frequency as wild-type animals (Carneiro et al., 2016).
Similar to other aging-related diseases, cancer emerges prematurely in
tert™'~ zebrafish (as early as 4 months) bearing the characteristics of
normal old age. Similar to wild-type zebrafish, ferf~~ cancer has an
8% incidence, consists mainly of germ cell tumours, hematopoietic
neoplasias and intestinal adenocarcinomas, and has a 40% invasion
rate (Carneiro et al., 2016). It is not obvious how this reconciles with
the scenario in mice, in which the effects of telomerase deficiency in
tumorigenesis vary according to genetic context and p53 status
(Artandi, 2002; Artandi et al., 2000; Artandi and DePinho, 2000).
Indeed, late-generation telomerase-knockout mice have either higher
cancer rates (Artandi et al., 2000; Blanco et al., 2007; Rudolph et al.,
1999), lower cancer rates (sometimes with more initiation events)
(Farazi et al., 2003; Gonzalez-Suarez et al., 2000; Greenberg et al.,
1999; Hu et al., 2012; Rudolph et al., 2001) or unaltered cancer rates
(Argilla et al., 2004). These studies in mice indicate the need for a
deepened understanding of how telomerase knockout affects cancer
incidence, and the study of different oncogene-expressing zebrafish
transgenic lines could meet this need.

Even if tumours arise in short-telomere tert™~ zebrafish cells,
their growth and progression will expectedly require the activation
of a telomere-maintenance mechanism. The (yet undemonstrated)
explanation is that fert™~ zebrafish tumours are efficient in
engaging mechanisms of alternative lengthening of telomeres
(ALT) (Bryan et al., 1997). Several studies support that ALT is
achieved by homologous recombination (HR) mechanisms at
telomeres. Consistently, DNA tags inserted into telomeres are
copied between chromosome ends in ALT cell lines, which are
telomerase-negative, but not in telomerase-positive cells (Dunham
et al., 2000). ALT is thought to occur in approximately 10% of
human cancers (Shay and Bacchetti, 1997) and is more prevalent in
tumours of mesenchymal origin (Lafferty-Whyte et al., 2009).
Because zebrafish cancer rates are not affected by the absence of
telomerase, it is tempting to speculate that ALT could constitute a
central pathway in telomere maintenance in tumorigenesis. In the
context of fert+ tumors, telomerase might simply provide a more
stable (rather than a more common) solution to promote genome
stability and outcompete ALT-based mechanisms. Consistent with
this idea, recent studies show that ALT telomeres promote genome
instability by recombining chromosome ends with interstitial
regions (Marzec et al., 2015).

Characterizing ALT is therefore of crucial importance for the study
of telomere dynamics in zebrafish cancer. Because the zebrafish
genome lacks a clear promyelocytic leukemia (PML) gene (Veinotte
etal., 2014), it is impossible to assess the presence of ALT by probing
for characteristic complexes of promyelocytic leukemia nuclear
bodies associated with telomeres, known as APBs (ALT-associated
PML bodies). ALT tumours are nevertheless characterized by other
features, including heterogeneous telomere length (with very short
and very long sequences) (Bryan et al., 1997), and the presence of
extrachromosomal telomeric DNA that forms double-stranded
(t-circles) (Wang et al., 2004) and single-stranded (C- or G-circles)
(Henson et al., 2009) circles. In addition, several recombination
proteins are necessary for telomere maintenance in ALT cells,
including the MRN complex (MRE11, RAD50 and NBS1) (Jiang
et al., 2005; Zhong et al., 2007), subunits of the SMC5/6 (structural
maintenance of chromosomes 5/6) complex (Potts and Yu,
2007), FEN1 (flap structure-specific endonuclease 1) (Saharia and

/-

Stewart, 2009), MUSS81 (structure-specific endonuclease subunit)
(Zeng et al., 2009) and FANCD2 (Fanconi anemia group D2) (Fan
et al., 2009). Looking at a combination of these features will help
determine whether ALT is a prevalent mechanism in zebrafish
tumorigenesis. This could be of consequence if we are to consider
the potential use of zebrafish for performing chemical screens for
anti-ALT therapies with possible relevance to certain human cancers.

Zebrafish models for dyskeratosis congenita

As detailed ecarlier, DC is a bone-marrow-failure disorder
characterized by shortened telomeres, defective stem cell
maintenance and highly heterogeneous phenotypes affecting
predominantly tissues that require high rates of turnover, such as
skin and lung epithelium and bone marrow (Kirwan and Dokal,
2009). Although the majority of individuals with DC die from bone-
marrow failure, the associated increased risk of cancer also
contributes to DC mortality (Alter et al., 2009).

All mutations identified to date in DC individuals are found in
components of telomerase and in genes that are required for its
biogenesis, or in telomere-stabilizing elements (Vulliamy and Dokal,
2008). All of these mutations lead to defects in telomere biology and
affect the renewal capabilities of HSCs (Brimmendorf and
Balabanov, 2006; Drummond et al., 2007). Mutations in telomerase
genes (TERC and TERT) are autosomal dominant owing to
telomerase haploinsufficiency and show disease anticipation
associated with progressive telomere shortening (Vulliamy and
Dokal, 2008). Gl tert™~ zebrafish have premature aging
symptoms, with the most apparent phenotype being the sharp
decline in the mean life expectancy (Anchelin et al., 2013; Henriques
et al., 2013). Interestingly, fert”~ zebrafish also have reduced
longevity compared with wild type, while G2 tert~'~ fish die before
the second week of life, suggesting that telomere length is essential for
zebrafish lifespan (Anchelin et al., 2013) (Table 1). Thus, as in
humans, telomerase haploinsufficiency in zebrafish leads to telomere
shortening and reduced longevity, despite the presence of telomerase.
Moreover, the decrease in lifespan in zebrafish is proportional to the
degree of telomere shortening (Anchelin et al., 2013).

Surprisingly, mutations affecting 7ERC (such as G58A) are not
associated with impaired telomerase activity in vitro (Chen and
Greider, 2003), despite leading to particularly severe disease in humans
(Vulliamy and Dokal, 2008; Chen and Greider, 2003). Various lines of
evidence have shown that the cancer-promoting activity of TERC
seems to be independent of in vitro telomerase activity, consistent with
the hypothesis that TERC might play a non-canonical role in DC
pathogenesis. For example, telomerase can promote tumorigenesis in
mice independently of net telomere elongation (Blasco et al., 1996).
Moreover, several groups have shown that mice with transgenic
expression of TERT have a higher susceptibility to develop tumours in
the absence of telomere length differences (Artandi et al., 2002; Canela
et al., 2004; Gonzalez-Suarez et al., 2001) and that this effect is
dependent on the presence of TERC (Cayuela et al., 2005). These
observations, together with the ability of TERC to specifically bind to
2198 sites in the human genome (Chu et al., 2011), have led to the
hypothesis that TERC has non-canonical cellular functions, potentially
involving the regulation of gene expression.

Non-canonical roles for telomerase have also been described in
zebrafish. Genetic depletion of terc in zebrafish embryos [using
antisense morpholino (MO)-mediated knockdown technology]
resulted in dramatic loss of neutrophils and monocytes independent
of telomerase activity or telomere shortening (Alcaraz-Pérez et al.,
2014) (Table 1). Similarly, a study identified a role for tert in
promoting the development of hematopoicetic cells in zebrafish,
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through a mechanism that is independent of its telomerase activity and
function in telomere lengthening (Imamura et al., 2008). The authors
showed that fert morphant zebrafish embryos exhibit abnormal
differentiation and apoptosis of hematopoietic stem and/or progenitor
cells, subsequently leading to the circulation of immature blood cells
and anaemia without any obvious telomere shortening (Imamura
et al., 2008) (Table 1). This mirrors the low number of circulating
blood cells — including red blood cells, white blood cells and platelets
— observed in human DC (Kirwan and Dokal, 2009).

DC also encompasses genes involved in telomerase biogenesis.
Dyskerin (DKC1), a member of the H/ACA ribonucleoprotein (RNP)
complex, was the first gene discovered to be responsible for the X-
linked severe form of DC. DKCl is involved in telomerase function
through its RNA subunit, which contains an H/ACA RNA motif, and
integrity of this motif is essential for assembly and stability of the
human telomerase RNP (Vulliamy et al., 2006). Knockdown of dkcl
revealed a role in zebrafish hematopoiesis (Zhang et al., 2012).
Downregulation of dkcl results in HSC failure, increased p53
expression and defective ribosomal biogenesis, all without detectable
changes in telomerase activity (Zhang et al., 2012) (Table 1). Mutations
in two other H/ACA RNP complex genes, NHP2 (Vulliamy et al.,
2008) and NOP10 (Walne et al., 2007), have also been reported in DC.
In line with the previously discussed zebrafish DC models, nopl0
mutant embryos also fail to form HSCs and, again, these mutants
display no telomere shortening (Pereboom et al., 2011) (Table 1).

In all four of these zebrafish models, telomere lengths are not
significantly altered, supporting a model for DC pathogenesis
where mutations in TERC, TERT, DKC1 and NOPI10 contribute to
bone-marrow failure through a telomere-lengthening- independent
mechanism. In line with these observations, some of the previously
reported disease-associated human TERT alleles give rise to a near-
normal telomerase enzyme activity, suggesting that these mutations
cause the disease by affecting telomerase functions that are not related
to its enzymatic activity (Zaug et al., 2013). These findings are in
apparent contradiction with those obtained in telomerase-deficient
mice, which exhibit defects in the haematopoietic system only when
telomeres are critically short (Lee et al., 1998). The most obvious
explanation is that there might be developmental and/or physiological
compensations in mice that probably do not exist in humans or fish.

Despite the concordance between findings in zebrafish and
studies of human clinical samples, it is important to highlight that
the zebrafish studies use MOs to downregulate the expression of
tert, terc and dkcl. Recently, the use of this technology has been
questioned throughout the zebrafish community. Unfortunately,
some morphant phenotypes have been proven to be due to off-target
effects, suggesting that it is always preferable to target exons
encoding domains that are necessary for protein function or
generating segmental deletions, rather than to use MOs (Kok
et al., 2015). Given the ease of use of current site-specific nuclease
technologies, most notably the CRISPR systems, it will be crucial to
generate new zebrafish lines, ideally carrying mutations similar to
those found in humans with DC, in order to confirm the importance
of the non-canonical functions of telomerase.

How do short telomeres drive aging?

As mentioned earlier, induced telomere shortening (in telomerase
mutants) is sufficient to cause a cascade of tissue dysfunctional
events in both high- and low-proliferation tissues. However, the
mechanistic basis underlying loss of homeostasis in the majority of
these tissues is still not understood. Deciphering whether these
mechanisms are also relevant in contexts of natural aging is crucial to
understand the impact of short telomeres in age-associated diseases.
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Telomeres shortened to critical lengths become indistinguishable
from DNA double-strand breaks triggering DDRs (de Lange, 2005),
which results in the activation of p53 (d’Adda di Fagagna et al.,
2003; Gire et al., 2004; Guo et al., 2007). Accordingly, p53 acts
as a major executioner of short-telomere-induced defects in highly
proliferative tissues of both mice (Chin et al., 1999) and zebrafish
(Anchelin et al., 2013; Henriques et al., 2013). Deletion of p53 is
sufficient to prevent germ-cell apoptosis and infertility in late-
generation Terc™~ mice (Chin et al., 1999). However, this comes at
the high cost of increased genome instability and cancer (Artandi
et al., 2000; Chin et al., 1999; O’Hagan et al., 2002). Although p53
deficiency rescues premature death, cell-proliferation defects and
reduced gut-villi length of tert™~~ zebrafish (Anchelin et al., 2013;
Henriques et al., 2013) (Table 1), its effect on tumour incidence
has not been described. Most likely, tert™~ p53~/~ zebrafish will
display an abnormally high incidence of cancer and early onset of
tumors, given that these features characterize the single p53~/~
mutants [28% of fish develop malignant peripheral-nerve-sheath
tumors by 8 months (Berghmans et al., 2005)] and the single rert~'~
mutants (where cancer appears as early as 4 months) (Carneiro et al.,
2016). Alternatively, given that most tert~'~ phenotypes related to
aging are suppressed in the absence of p53, it is also conceivable
that the onset of spontaneous tumours could be delayed in tert~~
tp537~/~ zebrafish.

Which molecular players act downstream of p53 to disrupt tissue
homeostasis in fert™~ zebrafish? A starting point to address this
question would be to investigate the molecular mechanisms already
described to mediate tissue dysfunction in late-generation
telomerase-knockout mice (Fig. 2), namely:

Type I: activation of the cell-cycle inhibitor p21 together with
p53-dependent modulator of apoptosis (PUMA). These
molecules are known to limit stem cell proliferation and the
regeneration capacities of high-turnover organs (e.g. intestine,
hematopoietic tissue) in G3/G4 Terc™~ mice (Choudhury et al.,
2007; Sperka et al., 2012).

Type II: repression of peroxisome proliferator-activated receptor
gamma coactivator 1-alpha/beta (PGC10o/f), master regulators of
mitochondrial biogenesis [possibly mediated by inhibition of
insulin-like growth factor 1 (IGF-1) and mammalian target
of rapamycin (mTOR) signalling]. Reduction of PGC10/ lowers
oxidative defence mechanisms and gluconeogenesis, resulting in
an accumulation of ROS (Fig. 2). Altogether, these events have
been proposed to underlie dysfunction of more quiescent organs
(e.g. heart) in G3/G4 Terc™'~/Tert™~ mice (Missios et al., 2014;
Sahin et al., 2011).

Importantly, activation of type I or II mechanisms might not
be mutually exclusive; instead, these processes could occur
simultaneously within an individual tissue undergoing telomere
attrition. Because organs are composed of multiple cell types with a
wide spectrum of proliferative profiles, this raises the intriguing
question: which cells within a tissue undergoing telomere attrition
invoke which mechanism? What determines the choice?

There is already compelling evidence showing that stem cells with
short telomeres typically activate type I mechanisms, undergoing
growth arrest and apoptosis in the intestinal, skin, brain and
hematopoietic tissues (Choudhury et al., 2007; Ferron et al., 2004;
Flores et al., 2005; Rajaraman et al., 2007; Sperka et al., 2012; Wong
et al.,, 2003). A recent study by Rudolph and colleagues further
demonstrated that this occurs only in stem cells that are actively
cycling (and not in those lying in a quiescent state), presumably to
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Exogenous
damage
(e.g. UV)

DNA-repair
deficiency

Telomere
dysfunction

Cell-cycle arrest

| g

Mitochondrial
dysfunction
| |

Apoptosis Senescence

Tissue dysfunction, aging and cancer

Fig. 2. Pathways modulated by the short-telomere—p53 axis. Telomere
dysfunction, as well as exogenous genotoxic agents and deficiencies in DNA
repair, activates p53 (Chin et al., 1999), causing PUMA-mediated apoptosis
(Sperka et al., 2012) and p21 cell-cycle arrest, and, consequently, cell
senescence (Choudhury et al., 2007). p53 upregulation also leads to
impairments in energy homeostasis and potential suppression of IGF-1
signalling, which result in repression of master regulators (such as PGC1a/p) of
mitochondrial biogenesis. This leads to mitochondrial dysfunction and,
consequently, increased ROS levels, which promote further damage at
telomeres. ROS, reactive oxygen species. For further information and
references, see the main text.

prevent transmission of aberrant genotoxic damage to progenitor cells
(Wang et al., 2014). We still do not know how cells other than adult
tissue stem cells deal with telomere-induced DDRs. Testing in vivo
how the expression of a given gene or pathway is affected in specific
telomere dysfunctional cells is a complex task. Zebrafish is an ideal
model for addressing these questions, given the possibility for live
visualization of the expression of different fluorescent reporters using
transparent telomere dysfunctional strains (specifically, albino strains).
Nevertheless, there are intrinsic limitations to the use of zebrafish — an
emerging model — in this area of research: it is a non-mammalian
system that either lacks specific cell markers or the reagents to detect
them. Furthermore, it remains to be shown whether key metabolic
processes in this cold-blooded animal are truly indistinguishable to
parallel processes in humans.

Telomerase, telomeres, senescence and tissue repair

Telomeres function as molecular clocks that keep a record of the
replicative history of primary cells (Harley et al., 1990). Telomere
erosion through consecutive cell divisions results in critically short
telomeres and elicits replicative senescence (Hayflick and Moorhead,
1961; Wang et al., 2014; Bodnar et al., 1998). Importantly, short
telomeres and senescent cells accumulate in some, but not in all,
tissues in aged humans (Dimri et al., 1995), monkeys (Herbig et al.,
2006) and mice (Wang et al., 2009). Since its initial description, our
understanding of cellular senescence has evolved dramatically and,

today, the concept of senescence has been redefined. In this section,
we discuss the importance of senescent cells in an organism, their
potential role in tissue regeneration and how this beneficial process
can be degraded, particularly in aged tissues.

In zebrafish, telomeres shorten during aging (Carneiro et al.,
2016; Anchelin et al., 2011) and upon loss of telomerase (fert™'")
(Anchelin et al., 2013; Henriques et al., 2013). In both cases, the rate
of telomere decline varies between tissues (Carneiro et al., 2016).
As telomeres shorten, the number of senescent cells increases in the
skin (Kishi, 2004; Kishi et al., 2003), gut, testes and kidney marrow
(head kidney serves as the hematopoietic tissue in zebrafish)
(Carneiro et al., 2016). terf2 mutant embryos, which have
dysfunctional telomeres, also exhibit high levels of senescence-
associated B-galactosidase (SA-B-gal) activity, a widely used in
vitro marker for cellular senescence as well as of organismal aging
in vertebrates (Kishi et al., 2008). Moreover, the brains of old
zebrafish express high levels of smurf2, a gene implicated in the
induction of replicative senescence (Zhang and Cohen, 2004),
highlighting short telomeres as important triggers for cell
senescence in this teleost (Arslan-Ergul and Adams, 2014).

As telomeres get critically short, cellular senescence is activated,
and this leads to engagement of various signalling cascades that
ultimately activate p53, pl6™ 4 or both. In mammals, activated
p53 induces p21, causing a temporal cell-cycle arrest through the
inhibition of cyclin-E-Cdk2 (Beausejour et al., 2003). pl6™K4a
also inhibits cell-cycle progression but does so by targeting cyclin-
D—Cdk4 and cyclin-D—Cdk6 complexes (Sherr and Roberts, 1999).
Both p21 and pl16™&4 act by preventing CDK inactivation of Rb
(retinoblastoma protein), resulting in continued repression of E2F
target genes required for S-phase onset. The relative contribution of
p53, p21 or p16™K4a to the initial growth arrest can vary depending
on the type of stress. Their function, either alone or in combination,
could ultimately result in sustained senescence.

In zebrafish, the p53-p21 pathway is known to exist with relevant
functional conservation (Berghmans et al., 2005). As for the second
effector pathway, the human genetic locus that encodes for p16™K42
also encodes for p15™K4 and a p53 stabilizer, known as p144RF
(p19ARF in zebrafish). Despite the crucial role of the mammalian
INK4b-ARF-INK4a locus in tumour suppression, its counterpart
in zebrafish has not yet been fully characterized. Recently,
Sabaawy and colleagues identified one locus homologous to
human INK4 in zebrafish, which, surprisingly, was devoid of
ARF sequences (Sabaawy et al., 2006). This locus encodes a single
zebrafish ink4ab gene, which functions to activate senescence in
response to oxidative stress. Thus, zebrafish INK4ab seems to
function as a tumour suppressor similar to human p15™4B and
pl6™K4A (Davis and Sabaawy, 2013; Flaherty et al., 2015).

Although established senescence markers are lacking, most
senescent cells express the tumour suppressor pl6™&42 (Ohtani
et al., 2004), the levels of which increase with age (Krishnamurthy
etal., 2004; Ressleretal., 2006). This rise of p16™%4? often coincides
with SA-B-gal activity (Dimri et al., 1995). Kishi and colleagues
reported SA-B-gal induction during aging in zebrafish (Kishi, 2004;
Kishi et al., 2003). His group has also been successful in exploiting
SA-B-gal staining as a marker for organismal senescence in zebrafish
larval models of premature aging (Kishi et al., 2008).

Curiously, senescent cells are still metabolically active and release
a complex mixture of extracellular matrix proteases, growth factors,
chemokines and cytokines [collectively known as senescence-
associated secretory phenotype (SASP)] that has significant effects
on the surrounding tissue microenvironment. SASP has not yet been
described in zebrafish; however, in mammals, it seems to have an
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important role in recruiting immune and phagocytic cells, such as
macrophages, and also activates the motility and proliferation of
surrounding cells (Mufoz-Espin and Serrano, 2014).

Nowadays, senescence has been proposed as an alternative way of
cell death. While apoptosis is a rather individual and silent process of
cellular suicide, the senescent program requires the involvement
of different and complex players to bring about the same result: the
clearance of damaged cells (Mufioz-Espin and Serrano, 2014). Still,
the ultimate goal of senescence remains unclear. If in the end,
senescence is just another way to eliminate damaged cells then why
not choose a more direct and faster route of apoptosis?” It has been
proposed that the central role of senescent cells is to initiate a tissue-
remodelling process that includes their own elimination. A
particularly striking example of the role of senescence in tissue

remodelling has been the recent demonstration that senescence
participates in developmental processes in vertebrates (Mufloz-Espin
et al., 2013; Storer et al., 2013), promotes wound healing in mice
(Demaria et al., 2014) and contributes to heart regeneration in
zebrafish (Bednarek et al., 2015).

Zebrafish has become a powerful model for investigating tissue
remodelling owing to its capacity to completely regenerate several
organ injuries, including brain, spinal cord, retina, heart and fins,
even at mature adult stages (Gemberling et al., 2013). This ability to
regenerate declines with age (Kishi et al., 2009) and, in some
organs, is heavily dependent on telomerase activity (Bednarek et al.,
2015; Elmore et al., 2008) (Fig. 3). Bednarek and colleagues have
recently shown that ventricular cryoinjury, a process that induces
massive cell death similar to that observed in a leading cause of

Cryoinjury

Cryoinjury

Senescence limited to the injury region

Key A Wild type 3 dpi
® Hyperactivation of
telomerase
® Proliferation
© Senescence
© DNA-damage response
® |nflammatory response
Heart
Telomerase hyperactivation
Telomere elongation
Peak of proliferation
B tert-'-

Impaired proliferation

Activation of DNA damage response

Accumulation of senescence beyond
the injury region

60 dpi

Regeneration and
restoration of function

Cryoinjury

Fibrosis

Impaired ventricular
pumping efficacy

Fig. 3. The role of telomerase, telomeres and senescent cells in zebrafish heart regeneration. Cryoinjury in zebrafish mimics aspects of human myocardial
infarction. (A) In wild-type fish, cardiomyocyte proliferation is sharply increased in response to tissue damage, accompanied by an increase in tert gene
expression, hyperactivation of telomerase and a transient elongation of telomeres (3 dpi). Additionally, there is an accumulation of senescence cells, limited to the
injured region (3 dpi) that is cleared upon wound closure (60 dpi) (Bednarek et al., 2015). Senescent cells release growth factors and cytokines, which might
activate the motility and proliferation of surrounding cells, potentiating tissue remodelling. (B) Aged cardiac tissues, modelled by the absence of telomerase
(tert™'"), are not amenable to tissue remodelling, reflecting a combination of factors, such as proliferative defects, accumulation of DNA-damaged cells and
increased senescence (3 dpi and 60 dpi). The difficulty in handling and clearing damaged and senescent cells might overload the tissue with the senescence-
associated secretory phenotype (SASP), which potentially contributes to a persistent chronic inflammatory microenvironment that further aggravates tissue

dysfunction and impairs proper wound closure (Bednarek et al., 2015).
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mortality and morbidity in humans — myocardial infarction — leads
to telomerase hyperactivation in cardiomyocytes, accompanied by a
sharp peak of proliferation and a transient elongation of telomeres
(Fig. 3A). Strikingly, SA-B-gal signalling was induced upon
cryoinjury, denoting an initial and transient accumulation of
senescent cells (Bednarek et al.,, 2015) (Fig. 3A). However,
senescence was limited to the injured region and easily cleared
upon wound closure. These observations are in line with studies in
mice (Demaria et al., 2014), supporting the hypothesis that, in an
in vivo context, cellular senescence might contribute to tissue
remodelling.

The full benefits of senescence are achieved when the process
includes the clearance of the senescent cells, thereby restoring the
pre-damage status of the tissue. However, in chronic pathological
situations such as aging (as modelled by fert™'~ fish), cardiac
regeneration is impaired and a fibrotic scar remains. This inability to
regenerate is primarily due to a strong inhibition of the proliferative
response and an accumulation of senescent cells that becomes
persistent, and these cells even extend beyond the injured area,
further aggravating tissue dysfunction (Bednarek et al., 2015)
(Fig. 3B). The difficulty in handling and clearing damaged and
senescent cells could overload the tissue with SASP. This effect
results in a persistent chronic inflammatory microenvironment that
further aggravates tissue dysfunction and impairs proper
regeneration. This process might not be applicable to other types
of aged tissues, but constitutes a clear example of how short
telomeres and cellular senescence can contribute to age-related
defects in tissue regeneration.

Senescence is a double-edged sword, beneficial when it is
transient and easily handled but pathological when chronic and
unresolved. So, what makes an aged tissue more prone to the
accumulation of senescent cells? On the one hand, clearance of
senescent cells by the immune system might become impaired with
aging, leading to a net accumulation of senescent cells that further
aggravate tissue dysfunction via the SASP. On the other hand,
senescence might not only affect differentiated cells but also stem and
progenitor cells, thus limiting the regenerative capacity of tissues.

Modern society is extremely interested in finding ways to extend
human healthy lifespan. There are ongoing pharmacological tests
and biological therapies to prevent telomere shortening and
accumulation of senescent cells during aging. The impact this will
have on human health and disease is currently unknown, although it
will likely reveal new biological phenomena. If shortening of
telomeres can be prevented and/or senescent cells can be eliminated
in human tissues, will this simply delay the very familiar aging
phenomenon, or will new types of pathology emerge? These
nuances and complexities demand further investigation in order to
guide potential new therapeutic options.

Concluding remarks
Although telomere shortening is considered a primary culprit of
human aging, many questions remain unresolved. How do short
telomeres disrupt homeostasis in particular tissues over time?
Which precise molecular mechanisms mediate such tissue
dysfunction events in aging and premature-aging syndromes such
as DC? Addressing these issues has long been hampered by the lack
of a vertebrate laboratory model that recaps crucial human features,
including a 5-15 kb telomere length range and the immediate onset
of degenerative phenotypes upon removal of telomerase.
Ground-breaking discoveries establishing zebrafish as a powerful
model for the study of vertebrate telomeres have now filled this need.
Because zebrafish has human-like telomeres, deletion of telomerase

causes an acceleration of aging-associated diseases and tissue
dysfunction events that are observed in the first mutant generation
(Anchelin et al., 2013; Carneiro et al., 2016; Henriques et al., 2013).
These not only phenocopy what is observed in human aging, but also
reproduce the typical ‘anticipation phenomenon’ reported in humans
with DC (younger generations have an earlier disease onset) (Anchelin
et al., 2013; Henriques et al., 2013). Thus, phenotypes and molecular
mechanisms are both highly conserved from mammalian to zebrafish
in the context of telomere dysfunction, rendering this teleost a
promising model for telomere research in aging.

From testing the impact of telomerase therapeutics targeted to
specific tissues to identifying the molecular mechanisms that
mediate short-telomere-induced dysfunction in aging, several
challenges lie ahead in the field of telomere research using
zebrafish. The unique characteristics of this organism have
already proven useful for the identification of important new links
between tissue repair, telomerase activation and cellular senescence.
Defining how telomere dysfunction is interconnected to other
hallmarks of aging is bound to revolutionize the future of aging
therapeutics.

Competing interests
The authors declare no competing or financial interests.

Funding
This work was funded by the Portuguese Fundagéo para a Ciéncia e Tecnologia
(FCT) (FCT) [PTDC/BIM-ONC/3402/2014] and Howard Hughes Medical Institute.

References

Aalfs, C. M., van den Berg, H., Barth, P. G. and Hennekam, R. C. M. (1995). The
Hoyeraal-Hreidarsson syndrome: the fourth case of a separate entity with prenatal
growth retardation, progressive pancytopenia and cerebellar hypoplasia.
Eur. J. Pediatr. 154, 304-308.

Alcaraz-Pérez, F., Garcia-Castillo, J., Garcia-Moreno, D., Lopez-Muiioz, A.,
Anchelin, M., Angosto, D., Zon, L. I., Mulero, V. and Cayuela, M. L. (2014).
A non-canonical function of telomerase RNA in the regulation of developmental
myelopoiesis in zebrafish. Nat. Commun. 5, 3228.

Alter, B. P., Giri, N., Savage, S. A. and Rosenberg, P. S. (2009). Cancer in
dyskeratosis congenita. Blood 113, 6549-6557.

Anchelin, M., Murcia, L., Alcaraz-Pérez, F., Garcia-Navarro, E. M. and Cayuela,
M. L. (2011). Behaviour of telomere and telomerase during aging and
regeneration in zebrafish. PLoS ONE 6, e16955.

Anchelin, M., Alcaraz-Perez, F., Martinez, C. M., Bernabe-Garcia, M., Mulero, V.
and Cayuela, M. L. (2013). Premature aging in telomerase-deficient zebrafish.
Dis. Model Mech. 6, 1101-1112.

Argilla, D., Chin, K., Singh, M., Hodgson, J. G., Bosenberg, M., de Solorzano,
C. 0, Lockett, S., DePinho, R. A,, Gray, J. and Hanahan, D. (2004). Absence of
telomerase and shortened telomeres have minimal effects on skin and pancreatic
carcinogenesis elicited by viral oncogenes. Cancer Cell 6, 373-385.

Armanios, M. (2009). Syndromes of telomere shortening. Annu. Rev. Genomics
Hum. Genet. 10, 45-61.

Armanios, M. and Blackburn, E. H. (2012). The telomere syndromes. Nat. Rev.
Genet. 13, 693-704.

Armanios, M., Chen, J.-L., Chang, Y.-P. C., Brodsky, R. A., Hawkins, A., Griffin,
C.A., Eshleman, J.R,, Cohen, A. R., Chakravarti, A., Hamosh, A. et al. (2005).
Haploinsufficiency of telomerase reverse transcriptase leads to anticipation in
autosomal dominant dyskeratosis congenita. Proc. Natl. Acad. Sci. USA 102,
15960-15964.

Arslan-Ergul, A. and Adams, M. M. (2014). Gene expression changes in aging
zebrafish (Danio rerio) brains are sexually dimorphic. BMC Neurosci. 15, 29.

Artandi, S. E. (2002). Telomere shortening and cell fates in mouse models of
neoplasia. Trends Mol. Med. 8, 44-47.

Artandi, S. E. and DePinho, R. A. (2000). A critical role for telomeres in
suppressing and facilitating carcinogenesis. Curr. Opin. Genet. Dev. 10, 39-46.
Artandi, S. E., Chang, S., Lee, S. L., Alson, S., Gottlieb, G. J., Chin, L. and
DePinho, R. A. (2000). Telomere dysfunction promotes non-reciprocal

translocations and epithelial cancers in mice. Nature 406, 641-645.

Artandi, S. E., Alson, S., Tietze, M. K., Sharpless, N. E., Ye, S., Greenberg, R. A.,
Castrillon, D. H., Horner, J. W., Weiler, S. R., Carrasco, R. D. et al. (2002).
Constitutive telomerase expression promotes mammary carcinomas in aging
mice. Proc. Natl. Acad. Sci. USA 99, 8191-8196.

Aubert, G. and Lansdorp, P. M. (2008). Telomeres and aging. Physiol. Rev. 88,
557-579.

745

(%]
S
oA
c
©
<
O
o}
=
3
A
0}
e,
o
=
o)
(%]
©
Q
oA
(@]



http://dx.doi.org/10.1007/BF01957367
http://dx.doi.org/10.1007/BF01957367
http://dx.doi.org/10.1007/BF01957367
http://dx.doi.org/10.1007/BF01957367
http://dx.doi.org/10.1038/ncomms4228
http://dx.doi.org/10.1038/ncomms4228
http://dx.doi.org/10.1038/ncomms4228
http://dx.doi.org/10.1038/ncomms4228
http://dx.doi.org/10.1182/blood-2008-12-192880
http://dx.doi.org/10.1182/blood-2008-12-192880
http://dx.doi.org/10.1371/journal.pone.0016955
http://dx.doi.org/10.1371/journal.pone.0016955
http://dx.doi.org/10.1371/journal.pone.0016955
http://dx.doi.org/10.1242/dmm.011635
http://dx.doi.org/10.1242/dmm.011635
http://dx.doi.org/10.1242/dmm.011635
http://dx.doi.org/10.1016/j.ccr.2004.08.032
http://dx.doi.org/10.1016/j.ccr.2004.08.032
http://dx.doi.org/10.1016/j.ccr.2004.08.032
http://dx.doi.org/10.1016/j.ccr.2004.08.032
http://dx.doi.org/10.1146/annurev-genom-082908-150046
http://dx.doi.org/10.1146/annurev-genom-082908-150046
http://dx.doi.org/10.1038/nrg3246
http://dx.doi.org/10.1038/nrg3246
http://dx.doi.org/10.1073/pnas.0508124102
http://dx.doi.org/10.1073/pnas.0508124102
http://dx.doi.org/10.1073/pnas.0508124102
http://dx.doi.org/10.1073/pnas.0508124102
http://dx.doi.org/10.1073/pnas.0508124102
http://dx.doi.org/10.1186/1471-2202-15-29
http://dx.doi.org/10.1186/1471-2202-15-29
http://dx.doi.org/10.1016/S1471-4914(01)02222-5
http://dx.doi.org/10.1016/S1471-4914(01)02222-5
http://dx.doi.org/10.1016/S0959-437X(99)00047-7
http://dx.doi.org/10.1016/S0959-437X(99)00047-7
http://dx.doi.org/10.1038/35020592
http://dx.doi.org/10.1038/35020592
http://dx.doi.org/10.1038/35020592
http://dx.doi.org/10.1073/pnas.112515399
http://dx.doi.org/10.1073/pnas.112515399
http://dx.doi.org/10.1073/pnas.112515399
http://dx.doi.org/10.1073/pnas.112515399
http://dx.doi.org/10.1152/physrev.00026.2007
http://dx.doi.org/10.1152/physrev.00026.2007

REVIEW

Disease Models & Mechanisms (2016) 9, 737-748 doi:10.1242/dmm.025130

Aubert, G., Baerlocher, G. M., Vulto, I., Poon, S. S. and Lansdorp, P. M. (2012).
Collapse of telomere homeostasis in hematopoietic cells caused by heterozygous
mutations in telomerase genes. PLoS Genet. 8, e1002696.

Basel-Vanagaite, L., Dokal, I., Tamary, H., Avigdor, A., Garty, B. Z., Volkov, A.
and Vulliamy, T. (2008). Expanding the clinical phenotype of autosomal
dominant dyskeratosis congenita caused by TERT mutations. Haematologica
93, 943-944.

Beausejour, C. M., Krtolica, A., Galimi, F., Narita, M., Lowe, S. W., Yaswen, P.
and Campisi, J. (2003). Reversal of human cellular senescence: roles of the p53
and p16 pathways. EMBO J. 22, 4212-4222.

Bednarek, D., Gonzalez-Rosa, J. M., Guzman-Martinez, G., Gutiérrez-Gutiérrez,
0., Aguado, T., Sanchez-Ferrer, C., Marques, I. J., Galardi-Castilla, M., de
Diego, I., Gomez, M. J. et al. (2015). Telomerase is essential for zebrafish
heart regeneration. Cell Rep. 12, 1691-1703.

Berghmans, S., Murphey, R. D., Wienholds, E., Neuberg, D., Kutok, J. L.,
Fletcher, C. D. M., Morris, J. P., Liu, T. X., Schulte-Merker, S., Kanki, J. P. et al.
(2005). tp53 mutant zebrafish develop malignant peripheral nerve sheath tumors.
Proc. Natl. Acad. Sci. USA 102, 407-412.

Bernardes de Jesus, B., Vera, E., Schneeberger, K., Tejera, A. M., Ayuso, E.,
Bosch, F. and Blasco, M. A. (2012). Telomerase gene therapy in adult and old
mice delays aging and increases longevity without increasing cancer. EMBO Mol.
Med. 4, 691-704.

Blanco, R., Munoz, P., Flores, J. M., Klatt, P. and Blasco, M. A. (2007).
Telomerase abrogation dramatically accelerates TRF2-induced epithelial
carcinogenesis. Genes Dev. 21, 206-220.

Blasco, M. A., Rizen, M., Greider, C. W. and Hanahan, D. (1996). Differential
regulation of telomerase activity and telomerase RNA during multi-stage
tumorigenesis. Nat. Genet. 12, 200-204.

Blasco, M. A,, Lee, H.-W., Hande, M. P., Samper, E., Lansdorp, P. M., DePinho,
R. A. and Greider, C. W. (1997). Telomere shortening and tumor formation by
mouse cells lacking telomerase RNA. Cell 91, 25-34.

Bodnar, A. G., Ouellette, M., Frolkis, M., Holt, S. E., Chiu, C.-P., Morin, G. B.,
Harley, C. B., Shay, J. W,, Lichtsteiner, S. and Wright, W. E. (1998). Extension
of life-span by introduction of telomerase into normal human cells. Science 279,
349-352.

Briimmendorf, T. H. and Balabanov, S. (2006). Telomere length dynamics in
normal hematopoiesis and in disease states characterized by increased stem cell
turnover. Leukemia 20, 1706-1716.

Bryan, T. M., Englezou, A., Dalla-Pozza, L., Dunham, M. A. and Reddel, R. R.
(1997). Evidence for an alternative mechanism for maintaining telomere length in
human tumors and tumor-derived cell lines. Nat. Med. 3, 1271-1274.

Campisi, J. (2014). Cell biology: the beginning of the end. Nature 505, 35-36.

Canela, A., Martin-Caballero, J., Flores, J. M. and Blasco, M. A. (2004).
Constitutive expression of tert in thymocytes leads to increased incidence and
dissemination of T-cell ymphoma in Lck-Tert mice. Mol. Cell. Biol. 24, 4275-4293.

Carneiro, M. C., Henriques, C. M., Nabais, J., Ferreira, T., Carvalho, T. and
Ferreira, M. G. (2016). Short telomeres in key tissues initiate local and systemic
aging in zebrafish. PLoS Genet. 12, e1005798.

Carrero, D., Soria-Valles, C. and Lopez-Otin, C. (2016). Hallmarks of progeroid
syndromes: lessons from mice and reprogrammed cells. Dis. Model Mech.
719-735.

Cayuela, M. L., Flores, J. M. and Blasco, M. A. (2005). The telomerase RNA
component Terc is required for the tumour-promoting effects of Tert
overexpression. EMBO Rep. 6, 268-274.

Chai, W., Sfeir, A. J., Hoshiyama, H., Shay, J. W. and Wright, W. E. (2006). The
involvement of the Mre11/Rad50/Nbs1 complex in the generation of G-overhangs
at human telomeres. EMBO Rep. 7, 225-230.

Chen, J.-L. and Greider, C. W. (2003). Determinants in mammalian telomerase
RNA that mediate enzyme processivity and cross-species incompatibility. EMBO
J. 22, 304-314.

Chiang, Y. J., Calado, R. T., Hathcock, K. S., Lansdorp, P. M., Young, N. S. and
Hodes, R. J. (2010). Telomere length is inherited with resetting of the telomere
set-point. Proc. Natl. Acad. Sci. USA 107, 10148-10153.

Chin, L., Artandi, S. E., Shen, Q., Tam, A,, Lee, S.-L., Gottlieb, G. J., Greider,
C. W. and DePinho, R. A. (1999). p53 deficiency rescues the adverse effects of
telomere loss and cooperates with telomere dysfunction to accelerate
carcinogenesis. Cell 97, 527-538.

Choudhury, A. R., Ju, Z., Djojosubroto, M. W., Schienke, A., Lechel, A,
Schaetzlein, S., Jiang, H., Stepczynska, A., Wang, C., Buer, J. et al. (2007).
Cdkn1a deletion improves stem cell function and lifespan of mice with
dysfunctional telomeres without accelerating cancer formation. Nat. Genet. 39,
99-105.

Chu, C., Qu, K., Zhong, F. L., Artandi, S. E. and Chang, H. Y. (2011). Genomic
maps of long noncoding RNA occupancy reveal principles of RNA-chromatin
interactions. Mol. Cell 44, 667-678.

d’Adda di Fagagna, F., Reaper, P. M., Clay-Farrace, L., Fiegler, H., Carr, P.,
von Zglinicki, T., Saretzki, G., Carter, N. P. and Jackson, S. P. (2003).
A DNA damage checkpoint response in telomere-initiated senescence. Nature
426, 194-198.

746

Daniali, L., Benetos, A., Susser, E., Kark, J. D., Labat, C., Kimura, M., Desai, K.,
Granick, M. and Aviv, A. (2013). Telomeres shorten at equivalent rates in somatic
tissues of adults. Nat. Commun. 4, 1597.

Davis, S. and Sabaawy, H. E. (2013). Tumor suppressor functions of the zebrafish
ink4ab: a novel cyclin-dependent kinase inhibitor. [abstract]. In: Proceedings of
the 104th Annual Meeting of the American Association for Cancer Research; 2013
Apr 6-10; Washington, DC; Philadelphia, PA: AACR. Cancer Res 73, 8 Suppl.,
1581.

de Lange, T. (2005). Shelterin: the protein complex that shapes and safeguards
human telomeres. Genes Dev. 19, 2100-2110.

Demaria, M., Ohtani, N., Youssef, S. A,, Rodier, F., Toussaint, W., Mitchell, J.R.,
Laberge, R.-M., Vijg, J., Van Steeg, H., Dollé, M. E. T. et al. (2014). An essential
role for senescent cells in optimal wound healing through secretion of PDGF-AA.
Dev. Cell 31, 722-733.

Dimri, G. P., Lee, X., Basile, G., Acosta, M., Scott, G., Roskelley, C., Medrano,
E. E., Linskens, M., Rubelj, I., Pereira-Smith, O. et al. (1995). A biomarker that
identifies senescent human cells in culture and in aging skin in vivo. Proc. Natl.
Acad. Sci. USA 92, 9363-9367.

Drummond, M. W., Balabanov, S., Holyoake, T. L. and Brummendorf, T. H.
(2007). Concise review: Telomere biology in normal and leukemic hematopoietic
stem cells. Stem Cells 25, 1853-1861.

Dunham, M. A., Neumann, A. A,, Fasching, C. L. and Reddel, R. R. (2000).
Telomere maintenance by recombination in human cells. Nat. Genet. 26, 447-450.

Elmore, L. W., Norris, M. W,, Sircar, S., Bright, A. T., McChesney, P. A., Winn,
R. N. and Holt, S. E. (2008). Upregulation of telomerase function during tissue
regeneration. Exp. Biol. Med. 233, 958-967.

Fan, Q., Zhang, F., Barrett, B., Ren, K. and Andreassen, P. R. (2009). A role for
monoubiquitinated FANCD2 at telomeres in ALT cells. Nucleic Acids Res. 37,
1740-1754.

Farazi, P. A., Glickman, J., Jiang, S., Yu, A., Rudolph, K. L. and DePinho, R. A.
(2003). Differential impact of telomere dysfunction on initiation and progression of
hepatocellular carcinoma. Cancer Res. 63, 5021-5027.

Ferron, S., Mira, H., Franco, S., Cano-Jaimez, M., Bellmunt, E., Ramirez, C.,
Fariias, |. and Blasco, M. A. (2004). Telomere shortening and chromosomal
instability abrogates proliferation of adult but not embryonic neural stem cells.
Development 131, 4059-4070.

Flaherty, K., Jones, D., Yussuf, S., Davis, S. Eric Huselid, E., Wang, W.,
Bartucci, M., Sabaawy, H. E. (2015). Conditional mouse and zebrafish models of
INK4-mediated tumor suppression reveal ARF-independent regulation of cellular
senescence. [abstract]. In: Proceedings of the 106th Annual Meeting of the
American Association for Cancer Research; 2015 Apr 18-22; Philadelphia, PA:
AACR. Cancer Res 75, 15 Suppl., 1264.

Flores, I., Cayuela, M. L. and Blasco, M. A. (2005). Effects of telomerase and
telomere length on epidermal stem cell behavior. Science 309, 1253-1256.

Flores, I, Canela, A., Vera, E., Tejera, A., Cotsarelis, G. and Blasco, M. A. (2008).
The longest telomeres: a general signature of adult stem cell compartments.
Genes Dev. 22, 654-667.

Garcia-Cao, l., Garcia-Cao, M., Tomas-Loba, A., Martin-Caballero, J., Flores,
J. M., Klatt, P., Blasco, M. A. and Serrano, M. (2006). Increased p53 activity
does not accelerate telomere-driven ageing. EMBO Rep. 7, 546-552.

Gemberling, M., Bailey, T. J., Hyde, D. R. and Poss, K. D. (2013). The zebrafish as
a model for complex tissue regeneration. Trends Genet. 29, 611-620.

Gire, V., Roux, P., Wynford-Thomas, D., Brondello, J.-M. and Dulic, V. (2004).
DNA damage checkpoint kinase Chk2 triggers replicative senescence. EMBO J.
23, 2554-2563.

Gomes, N. M. V., Ryder, O. A., Houck, M. L., Charter, S. J., Walker, W., Forsyth,
N. R, Austad, S. N., Venditti, C., Pagel, M., Shay, J. W. et al. (2011).
Comparative biology of mammalian telomeres: hypotheses on ancestral states
and the roles of telomeres in longevity determination. Aging Cell 10, 761-768.

Gonzalez-Suarez, E., Samper, E., Flores, J. M. and Blasco, M. A. (2000).
Telomerase-deficient mice with short telomeres are resistant to skin
tumorigenesis. Nat. Genet. 26, 114-117.

Gonzalez-Suarez, E., Samper, E., Ramirez, A., Flores, J. M., Martin-Caballero,
J., Jorcano, J. L. and Blasco, M. A. (2001). Increased epidermal tumors and
increased skin wound healing in transgenic mice overexpressing the catalytic
subunit of telomerase, mTERT, in basal keratinocytes. EMBO J. 20, 2619-2630.

Greenberg, R. A,, Chin, L., Femino, A., Lee, K.-H., Gottlieb, G. J., Singer, R. H.,
Greider, C. W. and DePinho, R. A. (1999). Short dysfunctional telomeres impair
tumorigenesis in the INK4a(delta2/3) cancer-prone mouse. Cell 97, 515-525.

Guo, X., Deng, Y., Lin, Y., Cosme-Blanco, W., Chan, S., He, H., Yuan, G., Brown,
E. J. and Chang, S. (2007). Dysfunctional telomeres activate an ATM-ATR-
dependent DNA damage response to suppress tumorigenesis. EMBO J. 26,
4709-4719.

Harel, I., Benayoun, B. A., Machado, B., Singh, P. P., Hu, C.-K., Pech, M. F.,
Valenzano, D.R., Zhang, E., Sharp, S. C., Artandi, S. E. et al. (2015). A platform
for rapid exploration of aging and diseases in a naturally short-lived vertebrate.
Cell 160, 1013-1026.

Harley, C. B., Futcher, A. B. and Greider, C. W. (1990). Telomeres shorten during
ageing of human fibroblasts. Nature 345, 458-460.

(%]
S
oA
c
©
<
O
o}
=
3
A
0}
e,
o
=
o)
(%]
©
Q
oA
(@]



http://dx.doi.org/10.1371/journal.pgen.1002696
http://dx.doi.org/10.1371/journal.pgen.1002696
http://dx.doi.org/10.1371/journal.pgen.1002696
http://dx.doi.org/10.3324/haematol.12317
http://dx.doi.org/10.3324/haematol.12317
http://dx.doi.org/10.3324/haematol.12317
http://dx.doi.org/10.3324/haematol.12317
http://dx.doi.org/10.1093/emboj/cdg417
http://dx.doi.org/10.1093/emboj/cdg417
http://dx.doi.org/10.1093/emboj/cdg417
http://dx.doi.org/10.1016/j.celrep.2015.07.064
http://dx.doi.org/10.1016/j.celrep.2015.07.064
http://dx.doi.org/10.1016/j.celrep.2015.07.064
http://dx.doi.org/10.1016/j.celrep.2015.07.064
http://dx.doi.org/10.1073/pnas.0406252102
http://dx.doi.org/10.1073/pnas.0406252102
http://dx.doi.org/10.1073/pnas.0406252102
http://dx.doi.org/10.1073/pnas.0406252102
http://dx.doi.org/10.1002/emmm.201200245
http://dx.doi.org/10.1002/emmm.201200245
http://dx.doi.org/10.1002/emmm.201200245
http://dx.doi.org/10.1002/emmm.201200245
http://dx.doi.org/10.1101/gad.406207
http://dx.doi.org/10.1101/gad.406207
http://dx.doi.org/10.1101/gad.406207
http://dx.doi.org/10.1038/ng0296-200
http://dx.doi.org/10.1038/ng0296-200
http://dx.doi.org/10.1038/ng0296-200
http://dx.doi.org/10.1016/S0092-8674(01)80006-4
http://dx.doi.org/10.1016/S0092-8674(01)80006-4
http://dx.doi.org/10.1016/S0092-8674(01)80006-4
http://dx.doi.org/10.1126/science.279.5349.349
http://dx.doi.org/10.1126/science.279.5349.349
http://dx.doi.org/10.1126/science.279.5349.349
http://dx.doi.org/10.1126/science.279.5349.349
http://dx.doi.org/10.1038/sj.leu.2404339
http://dx.doi.org/10.1038/sj.leu.2404339
http://dx.doi.org/10.1038/sj.leu.2404339
http://dx.doi.org/10.1038/nm1197-1271
http://dx.doi.org/10.1038/nm1197-1271
http://dx.doi.org/10.1038/nm1197-1271
http://dx.doi.org/10.1038/nature12844
http://dx.doi.org/10.1128/MCB.24.10.4275-4293.2004
http://dx.doi.org/10.1128/MCB.24.10.4275-4293.2004
http://dx.doi.org/10.1128/MCB.24.10.4275-4293.2004
http://dx.doi.org/10.1371/journal.pgen.1005798
http://dx.doi.org/10.1371/journal.pgen.1005798
http://dx.doi.org/10.1371/journal.pgen.1005798
http://dx.doi.org/10.1038/sj.embor.7400359
http://dx.doi.org/10.1038/sj.embor.7400359
http://dx.doi.org/10.1038/sj.embor.7400359
http://dx.doi.org/10.1038/sj.embor.7400600
http://dx.doi.org/10.1038/sj.embor.7400600
http://dx.doi.org/10.1038/sj.embor.7400600
http://dx.doi.org/10.1093/emboj/cdg024
http://dx.doi.org/10.1093/emboj/cdg024
http://dx.doi.org/10.1093/emboj/cdg024
http://dx.doi.org/10.1073/pnas.0913125107
http://dx.doi.org/10.1073/pnas.0913125107
http://dx.doi.org/10.1073/pnas.0913125107
http://dx.doi.org/10.1016/S0092-8674(00)80762-X
http://dx.doi.org/10.1016/S0092-8674(00)80762-X
http://dx.doi.org/10.1016/S0092-8674(00)80762-X
http://dx.doi.org/10.1016/S0092-8674(00)80762-X
http://dx.doi.org/10.1038/ng1937
http://dx.doi.org/10.1038/ng1937
http://dx.doi.org/10.1038/ng1937
http://dx.doi.org/10.1038/ng1937
http://dx.doi.org/10.1038/ng1937
http://dx.doi.org/10.1016/j.molcel.2011.08.027
http://dx.doi.org/10.1016/j.molcel.2011.08.027
http://dx.doi.org/10.1016/j.molcel.2011.08.027
http://dx.doi.org/10.1038/nature02118
http://dx.doi.org/10.1038/nature02118
http://dx.doi.org/10.1038/nature02118
http://dx.doi.org/10.1038/nature02118
http://dx.doi.org/10.1038/ncomms2602
http://dx.doi.org/10.1038/ncomms2602
http://dx.doi.org/10.1038/ncomms2602
http://dx.doi.org/10.1158/1538-7445.AM2013-1581
http://dx.doi.org/10.1158/1538-7445.AM2013-1581
http://dx.doi.org/10.1158/1538-7445.AM2013-1581
http://dx.doi.org/10.1158/1538-7445.AM2013-1581
http://dx.doi.org/10.1158/1538-7445.AM2013-1581
http://dx.doi.org/10.1101/gad.1346005
http://dx.doi.org/10.1101/gad.1346005
http://dx.doi.org/10.1016/j.devcel.2014.11.012
http://dx.doi.org/10.1016/j.devcel.2014.11.012
http://dx.doi.org/10.1016/j.devcel.2014.11.012
http://dx.doi.org/10.1016/j.devcel.2014.11.012
http://dx.doi.org/10.1073/pnas.92.20.9363
http://dx.doi.org/10.1073/pnas.92.20.9363
http://dx.doi.org/10.1073/pnas.92.20.9363
http://dx.doi.org/10.1073/pnas.92.20.9363
http://dx.doi.org/10.1634/stemcells.2007-0057
http://dx.doi.org/10.1634/stemcells.2007-0057
http://dx.doi.org/10.1634/stemcells.2007-0057
http://dx.doi.org/10.1038/82586
http://dx.doi.org/10.1038/82586
http://dx.doi.org/10.3181/0712-RM-345
http://dx.doi.org/10.3181/0712-RM-345
http://dx.doi.org/10.3181/0712-RM-345
http://dx.doi.org/10.1093/nar/gkn995
http://dx.doi.org/10.1093/nar/gkn995
http://dx.doi.org/10.1093/nar/gkn995
http://dx.doi.org/10.1242/dev.01215
http://dx.doi.org/10.1242/dev.01215
http://dx.doi.org/10.1242/dev.01215
http://dx.doi.org/10.1242/dev.01215
http://dx.doi.org/10.1158/1538-7445.AM2015-1264
http://dx.doi.org/10.1158/1538-7445.AM2015-1264
http://dx.doi.org/10.1158/1538-7445.AM2015-1264
http://dx.doi.org/10.1158/1538-7445.AM2015-1264
http://dx.doi.org/10.1158/1538-7445.AM2015-1264
http://dx.doi.org/10.1158/1538-7445.AM2015-1264
http://dx.doi.org/10.1126/science.1115025
http://dx.doi.org/10.1126/science.1115025
http://dx.doi.org/10.1101/gad.451008
http://dx.doi.org/10.1101/gad.451008
http://dx.doi.org/10.1101/gad.451008
http://dx.doi.org/10.1038/sj.embor.7400667
http://dx.doi.org/10.1038/sj.embor.7400667
http://dx.doi.org/10.1038/sj.embor.7400667
http://dx.doi.org/10.1016/j.tig.2013.07.003
http://dx.doi.org/10.1016/j.tig.2013.07.003
http://dx.doi.org/10.1038/sj.emboj.7600259
http://dx.doi.org/10.1038/sj.emboj.7600259
http://dx.doi.org/10.1038/sj.emboj.7600259
http://dx.doi.org/10.1111/j.1474-9726.2011.00718.x
http://dx.doi.org/10.1111/j.1474-9726.2011.00718.x
http://dx.doi.org/10.1111/j.1474-9726.2011.00718.x
http://dx.doi.org/10.1111/j.1474-9726.2011.00718.x
http://dx.doi.org/10.1038/79089
http://dx.doi.org/10.1038/79089
http://dx.doi.org/10.1038/79089
http://dx.doi.org/10.1093/emboj/20.11.2619
http://dx.doi.org/10.1093/emboj/20.11.2619
http://dx.doi.org/10.1093/emboj/20.11.2619
http://dx.doi.org/10.1093/emboj/20.11.2619
http://dx.doi.org/10.1016/S0092-8674(00)80761-8
http://dx.doi.org/10.1016/S0092-8674(00)80761-8
http://dx.doi.org/10.1016/S0092-8674(00)80761-8
http://dx.doi.org/10.1038/sj.emboj.7601893
http://dx.doi.org/10.1038/sj.emboj.7601893
http://dx.doi.org/10.1038/sj.emboj.7601893
http://dx.doi.org/10.1038/sj.emboj.7601893
http://dx.doi.org/10.1016/j.cell.2015.01.038
http://dx.doi.org/10.1016/j.cell.2015.01.038
http://dx.doi.org/10.1016/j.cell.2015.01.038
http://dx.doi.org/10.1016/j.cell.2015.01.038
http://dx.doi.org/10.1038/345458a0
http://dx.doi.org/10.1038/345458a0

REVIEW

Disease Models & Mechanisms (2016) 9, 737-748 doi:10.1242/dmm.025130

Hartmann, N., Reichwald, K., Lechel, A., Graf, M., Kirschner, J., Dorn, A.,
Terzibasi, E., Wellner, J., Platzer, M., Rudolph, K. L. et al. (2009). Telomeres
shorten while Tert expression increases during ageing of the short-lived fish
Nothobranchius furzeri. Mech. Ageing Dev. 130, 290-296.

Hayashi, M. T., Cesare, A. J., Rivera, T. and Karlseder, J. (2015). Cell death during
crisis is mediated by mitotic telomere deprotection. Nature 522, 492-496.

Hayflick, L. and Moorhead, P. S. (1961). The serial cultivation of human diploid cell
strains. Exp. Cell Res. 25, 585-621.

Heiss, N. S., Knight, S. W., Vulliamy, T. J., Klauck, S. M., Wiemann, S., Mason,
P. J., Poustka, A. and Dokal, I. (1998). X-linked dyskeratosis congenita is caused
by mutations in a highly conserved gene with putative nucleolar functions. Nat.
Genet. 19, 32-38.

Henle, E. S., Han, Z., Tang, N., Rai, P., Luo, Y. and Linn, S. (1999). Sequence-
specific DNA cleavage by Fe2+-mediated fenton reactions has possible biological
implications. J. Biol. Chem. 274, 962-971.

Henriques, C. M., Carneiro, M. C., Tenente, I. M., Jacinto, A. and Ferreira, M. G.
(2013). Telomerase is required for zebrafish lifespan. PLoS Genet. 9, e1003214.

Henson, J.D., Cao, Y., Huschtscha, L. 1., Chang, A.C., Au, A. Y. M., Pickett, H. A.
and Reddel, R. R. (2009). DNA C-circles are specific and quantifiable markers of
alternative-lengthening-of-telomeres activity. Nat. Biotechnol. 27, 1181-1185.

Herbig, U., Ferreira, M., Condel, L., Carey, D. and Sedivy, J. M. (2006). Cellular
senescence in aging primates. Science 311, 1257.

Hiyama, E. and Hiyama, K. (2007). Telomere and telomerase in stem cells.
Br. J. Cancer 96, 1020-1024.

Hodes, R. J., Hathcock, K. S. and Weng, N. P. (2002). Telomeres in T and B cells.
Nat. Rev. Immunol. 2, 699-706.

Holohan, B., Wright, W. E. and Shay, J. W. (2014). telomeropathies: an emerging
spectrum disorder. J. Cell Biol. 205, 289-299.

Hu, J., Hwang, S. S, Liesa, M., Gan, B., Sahin, E., Jaskelioff, M., Ding, Z., Ying,
H., Boutin, A. T., Zhang, H. et al. (2012). Antitelomerase therapy provokes ALT
and mitochondrial adaptive mechanisms in cancer. Cell 148, 651-663.

Imamura, S., Uchiyama, J., Koshimizu, E., Hanai, J.-i., Raftopoulou, C.,
Murphey, R. D., Bayliss, P. E., Imai, Y., Burns, C. E., Masutomi, K. et al.
(2008). A non-canonical function of zebrafish telomerase reverse transcriptase is
required for developmental hematopoiesis. PLoS ONE 3, e3364.

Jacobs, P., Saxe, N., Gordon, W. and Nelson, M. (1984). Dyskeratosis congenita.
Haematologic, cytogenetic, and dermatologic studies. Scand. J. Haematol. 32,
461-468.

Jiang, W.-Q., Zhong, Z.-H., Henson, J. D., Neumann, A. A,, Chang, A. C. M. and
Reddel, R. R. (2005). Suppression of alternative lengthening of telomeres by
Sp100-mediated sequestration of the MRE11/RAD50/NBS1 complex. Mol. Cell.
Biol. 25, 2708-2721.

Karlseder, J., Smogorzewska, A. and de Lange, T. (2002). Senescence induced
by altered telomere state, not telomere loss. Science 295, 2446-2449.

Kim, N. W, Piatyszek, M. A., Prowse, K. R., Harley, C. B., West, M. D., Ho, P. L.,
Coviello, G. M., Wright, W. E., Weinrich, S. L. and Shay, J. W. (1994). Specific
association of human telomerase activity with immortal cells and cancer. Science
266, 2011-2015.

Kim, Y., Nam, H. G. and Valenzano, D. R. (2016). The short-lived African turquoise
killifish: an emerging experimental model for ageing. Dis. Model Mech. 9,
115-129.

Kipling, D. and Cooke, H. J. (1990). Hypervariable ultra-long telomeres in mice.
Nature 347, 400-402.

Kirwan, M. and Dokal, I. (2009). Dyskeratosis congenita, stem cells and telomeres.
Biochim. Biophys. Acta 1792, 371-379.

Kishi, S. (2004). Functional aging and gradual senescence in zebrafish. Ann. N. Y.
Acad. Sci. 1019, 521-526.

Kishi, S., Uchiyama, J., Baughman, A. M., Goto, T., Lin, M. C. and Tsai, S. B.
(2003). The zebrafish as a vertebrate model of functional aging and very gradual
senescence. Exp. Gerontol. 38, 777-786.

Kishi, S., Bayliss, P. E., Uchiyama, J., Koshimizu, E., Qi, J., Nanjappa, P.,
Imamura, S., Islam, A., Neuberg, D., Amsterdam, A. et al. (2008). The
identification of zebrafish mutants showing alterations in senescence-associated
biomarkers. PLoS Genet. 4, e1000152.

Kishi, S., Slack, B. E., Uchiyama, J. and Zhdanova, I. V. (2009). Zebrafish as a
genetic model in biological and behavioral gerontology: where development
meets aging in vertebrates—a mini-review. Gerontology 55, 430-441.

Kok, F. O., Shin, M., Ni, C.-W., Gupta, A., Grosse, A. S., van Impel, A.,
Kirchmaier, B. C., Peterson-Maduro, J., Kourkoulis, G., Male, I. et al. (2015).
Reverse genetic screening reveals poor correlation between morpholino-induced
and mutant phenotypes in zebrafish. Dev. Cell 32, 97-108.

Krishnamurthy, J., Torrice, C., Ramsey, M. R., Kovalev, G. |., Al-Regaiey, K., Su,
L. and Sharpless, N. E. (2004). Ink4a/Arf expression is a biomarker of aging.
J. Clin. Invest. 114, 1299-1307.

Lafferty-Whyte, K., Cairney, C. J., Will, M. B., Serakinci, N., Daidone, M.-G.,
Zaffaroni, N., Bilsland, A. and Keith, W. N. (2009). A gene expression signature
classifying telomerase and ALT immortalization reveals an hTERT regulatory
network and suggests a mesenchymal stem cell origin for ALT. Oncogene 28,
3765-3774.

Lau, B. W.-M., Wong, A. O.-L., Tsao, G. S.-W,, So, K.-F. and Yip, H. K.-F. (2008).
Molecular cloning and characterization of the zebrafish (Danio rerio) telomerase
catalytic subunit (telomerase reverse transcriptase, TERT). J. Mol. Neurosci. 34,
63-75.

Lee, H. W,, Blasco, M. A,, Gottlieb, G. J., Horner, J. W, Il, Greider, C. W. and
DePinho, R. A. (1998). Essential role of mouse telomerase in highly proliferative
organs. Nature 392, 569-574.

Marrone, A., Walne, A., Tamary, H., Masunari, Y., Kirwan, M., Beswick, R.,
Vulliamy, T. and Dokal, I. (2007). Telomerase reverse-transcriptase
homozygous mutations in autosomal recessive dyskeratosis congenita and
Hoyeraal-Hreidarsson syndrome. Blood 110, 4198-4205.

Marzec, P., Armenise, C., Pérot, G., Roumelioti, F.-M., Basyuk, E., Gagos, S.,
Chibon, F. and Déjardin, J. (2015). Nuclear-receptor-mediated telomere
insertion leads to genome instability in ALT cancers. Cell 160, 913-927.

Meyerson, M., Counter, C. M., Eaton, E. N., Ellisen, L. W., Steiner, P., Caddle,
S. D., Ziaugra, L., Beijersbergen, R. L., Davidoff, M. J., Liu, Q. et al. (1997).
hEST2, the putative human telomerase catalytic subunit gene, is up-regulated in
tumor cells and during immortalization. Cell 90, 785-795.

Missios, P., Zhou, Y., Guachalla, L. M., von Figura, G., Wegner, A.,
Chakkarappan, S. R., Binz, T., Gompf, A., Hartleben, G., Burkhalter, M. D.
et al. (2014). Glucose substitution prolongs maintenance of energy homeostasis
and lifespan of telomere dysfunctional mice. Nat. Commun. 5, 4924.

Moyzis, R. K., Buckingham, J. M., Cram, L. S., Dani, M., Deaven, L. L., Jones,
M. D., Meyne, J., Ratliff, R. L. and Wu, J. R. (1988). A highly conserved repetitive
DNA sequence, (TTAGGG)n, present at the telomeres of human chromosomes.
Proc. Natl. Acad. Sci. USA 85, 6622-6626.

Mufioz-Espin, D. and Serrano, M. (2014). Cellular senescence: from physiology to
pathology. Nat. Rev. Mol. Cell Biol. 15, 482-496.

Muiioz-Espin, D., Cafiamero, M., Maraver, A., Gomez-Lopez, G., Contreras, J.,
Murillo-Cuesta, S., Rodriguez-Baeza, A., Varela-Nieto, I., Ruberte, J.,
Collado, M. et al. (2013). Programmed cell senescence during mammalian
embryonic development. Cell 155, 1104-1118.

O’Hagan, R. C., Chang, S., Maser, R. S., Mohan, R., Artandi, S. E., Chin, L. and
DePinho, R. A. (2002). Telomere dysfunction provokes regional amplification and
deletion in cancer genomes. Cancer Cell 2, 149-155.

Ohtani, N., Yamakoshi, K., Takahashi, A. and Hara, E. (2004). The p16INK4a-RB
pathway: molecular link between cellular senescence and tumor suppression.
J. Med. Invest. 51, 146-153.

Oikawa, S., Tada-Oikawa, S. and Kawanishi, S. (2001). Site-specific DNA damage
at the GGG sequence by UVA involves acceleration of telomere shortening.
Biochemistry 40, 4763-4768.

Olovnikov, A. M. (1996). Telomeres, telomerase, and aging: origin of the theory.
Exp. Gerontol. 31, 443-448.

Passos, J. F., Saretzki, G. and von Zglinicki, T. (2007). DNA damage in telomeres
and mitochondria during cellular senescence: is there a connection? Nucleic
Acids Res. 35, 7505-7513.

Pereboom, T. C., van Weele, L. J., Bondt, A. and Maclnnes, A. W. (2011). A
zebrafish model of dyskeratosis congenita reveals hematopoietic stem cell
formation failure resulting from ribosomal protein-mediated p53 stabilization.
Blood 118, 5458-5465.

Potts, P. R. and Yu, H. (2007). The SMC5/6 complex maintains telomere length in
ALT cancer cells through SUMOylation of telomere-binding proteins. Nat. Struct.
Mol. Biol. 14, 581-590.

Rajaraman, S., Choi, J., Cheung, P., Beaudry, V., Moore, H. and Artandi, S. E.
(2007). Telomere uncapping in progenitor cells with critical telomere shortening is
coupled to S-phase progression in vivo. Proc. Natl. Acad. Sci. USA 104,
17747-17752.

Ramasubramanian, A. and Shields, C. L. (2012). Bevacizumab for Coats’ disease
with exudative retinal detachment and risk of vitreoretinal traction.
Br. J. Ophthalmol. 96, 356-359.

Ressler, S., Bartkova, J., Niederegger, H., Bartek, J., Scharffetter-Kochanek,
K., Jansen-Durr, P. and Wlaschek, M. (2006). p16INK4A is a robust in vivo
biomarker of cellular aging in human skin. Aging Cell 5, 379-389.

Rudolph, K. L., Chang, S., Lee, H.-W., Blasco, M., Gottlieb, G. J., Greider, C. and
DePinho, R. A. (1999). Longevity, stress response, and cancer in aging
telomerase-deficient mice. Cell 96, 701-712.

Rudolph, K. L., Millard, M., Bosenberg, M. W. and DePinho, R. A. (2001).
Telomere dysfunction and evolution of intestinal carcinoma in mice and humans.
Nat. Genet. 28, 155-159.

Rufer, N., Briimmendorf, T. H., Kolvraa, S., Bischoff, C., Christensen, K.,
Wadsworth, L., Schulzer, M. and Lansdorp, P. M. (1999). Telomere
fluorescence measurements in granulocytes and T lymphocyte subsets point to
a high turnover of hematopoietic stem cells and memory T cells in early childhood.
J. Exp. Med. 190, 157-168.

Sabaawy, H. E., Azuma, M., Embree, L. J., Tsai, H.-J., Starost, M. F. and
Hickstein, D. D. (2006). TEL-AML1 transgenic zebrafish model of precursor B cell
acute lymphoblastic leukemia. Proc. Natl. Acad. Sci. USA 103, 15166-15171.

Saharia, A. and Stewart, S. A. (2009). FEN1 contributes to telomere stability in
ALT-positive tumor cells. Oncogene 28, 1162-1167.

747

(%]
S
oA
c
©
<
O
o}
=
3
A
0}
e,
o
=
o)
(%]
©
Q
oA
(@]



http://dx.doi.org/10.1016/j.mad.2009.01.003
http://dx.doi.org/10.1016/j.mad.2009.01.003
http://dx.doi.org/10.1016/j.mad.2009.01.003
http://dx.doi.org/10.1016/j.mad.2009.01.003
http://dx.doi.org/10.1038/nature14513
http://dx.doi.org/10.1038/nature14513
http://dx.doi.org/10.1016/0014-4827(61)90192-6
http://dx.doi.org/10.1016/0014-4827(61)90192-6
http://dx.doi.org/10.1038/ng0598-32
http://dx.doi.org/10.1038/ng0598-32
http://dx.doi.org/10.1038/ng0598-32
http://dx.doi.org/10.1038/ng0598-32
http://dx.doi.org/10.1074/jbc.274.2.962
http://dx.doi.org/10.1074/jbc.274.2.962
http://dx.doi.org/10.1074/jbc.274.2.962
http://dx.doi.org/10.1371/journal.pgen.1003214
http://dx.doi.org/10.1371/journal.pgen.1003214
http://dx.doi.org/10.1038/nbt.1587
http://dx.doi.org/10.1038/nbt.1587
http://dx.doi.org/10.1038/nbt.1587
http://dx.doi.org/10.1126/science.1122446
http://dx.doi.org/10.1126/science.1122446
http://dx.doi.org/10.1038/sj.bjc.6603671
http://dx.doi.org/10.1038/sj.bjc.6603671
http://dx.doi.org/10.1038/nri890
http://dx.doi.org/10.1038/nri890
http://dx.doi.org/10.1083/jcb.201401012
http://dx.doi.org/10.1083/jcb.201401012
http://dx.doi.org/10.1016/j.cell.2011.12.028
http://dx.doi.org/10.1016/j.cell.2011.12.028
http://dx.doi.org/10.1016/j.cell.2011.12.028
http://dx.doi.org/10.1371/journal.pone.0003364
http://dx.doi.org/10.1371/journal.pone.0003364
http://dx.doi.org/10.1371/journal.pone.0003364
http://dx.doi.org/10.1371/journal.pone.0003364
http://dx.doi.org/10.1111/j.1600-0609.1984.tb02186.x
http://dx.doi.org/10.1111/j.1600-0609.1984.tb02186.x
http://dx.doi.org/10.1111/j.1600-0609.1984.tb02186.x
http://dx.doi.org/10.1128/MCB.25.7.2708-2721.2005
http://dx.doi.org/10.1128/MCB.25.7.2708-2721.2005
http://dx.doi.org/10.1128/MCB.25.7.2708-2721.2005
http://dx.doi.org/10.1128/MCB.25.7.2708-2721.2005
http://dx.doi.org/10.1126/science.1069523
http://dx.doi.org/10.1126/science.1069523
http://dx.doi.org/10.1126/science.7605428
http://dx.doi.org/10.1126/science.7605428
http://dx.doi.org/10.1126/science.7605428
http://dx.doi.org/10.1126/science.7605428
http://dx.doi.org/10.1242/dmm.023226
http://dx.doi.org/10.1242/dmm.023226
http://dx.doi.org/10.1242/dmm.023226
http://dx.doi.org/10.1038/347400a0
http://dx.doi.org/10.1038/347400a0
http://dx.doi.org/10.1016/j.bbadis.2009.01.010
http://dx.doi.org/10.1016/j.bbadis.2009.01.010
http://dx.doi.org/10.1196/annals.1297.097
http://dx.doi.org/10.1196/annals.1297.097
http://dx.doi.org/10.1016/S0531-5565(03)00108-6
http://dx.doi.org/10.1016/S0531-5565(03)00108-6
http://dx.doi.org/10.1016/S0531-5565(03)00108-6
http://dx.doi.org/10.1371/journal.pgen.1000152
http://dx.doi.org/10.1371/journal.pgen.1000152
http://dx.doi.org/10.1371/journal.pgen.1000152
http://dx.doi.org/10.1371/journal.pgen.1000152
http://dx.doi.org/10.1159/000228892
http://dx.doi.org/10.1159/000228892
http://dx.doi.org/10.1159/000228892
http://dx.doi.org/10.1016/j.devcel.2014.11.018
http://dx.doi.org/10.1016/j.devcel.2014.11.018
http://dx.doi.org/10.1016/j.devcel.2014.11.018
http://dx.doi.org/10.1016/j.devcel.2014.11.018
http://dx.doi.org/10.1172/JCI22475
http://dx.doi.org/10.1172/JCI22475
http://dx.doi.org/10.1172/JCI22475
http://dx.doi.org/10.1038/onc.2009.238
http://dx.doi.org/10.1038/onc.2009.238
http://dx.doi.org/10.1038/onc.2009.238
http://dx.doi.org/10.1038/onc.2009.238
http://dx.doi.org/10.1038/onc.2009.238
http://dx.doi.org/10.1007/s12031-007-0072-x
http://dx.doi.org/10.1007/s12031-007-0072-x
http://dx.doi.org/10.1007/s12031-007-0072-x
http://dx.doi.org/10.1007/s12031-007-0072-x
http://dx.doi.org/10.1038/33345
http://dx.doi.org/10.1038/33345
http://dx.doi.org/10.1038/33345
http://dx.doi.org/10.1182/blood-2006-12-062851
http://dx.doi.org/10.1182/blood-2006-12-062851
http://dx.doi.org/10.1182/blood-2006-12-062851
http://dx.doi.org/10.1182/blood-2006-12-062851
http://dx.doi.org/10.1016/j.cell.2015.01.044
http://dx.doi.org/10.1016/j.cell.2015.01.044
http://dx.doi.org/10.1016/j.cell.2015.01.044
http://dx.doi.org/10.1016/S0092-8674(00)80538-3
http://dx.doi.org/10.1016/S0092-8674(00)80538-3
http://dx.doi.org/10.1016/S0092-8674(00)80538-3
http://dx.doi.org/10.1016/S0092-8674(00)80538-3
http://dx.doi.org/10.1038/ncomms5924
http://dx.doi.org/10.1038/ncomms5924
http://dx.doi.org/10.1038/ncomms5924
http://dx.doi.org/10.1038/ncomms5924
http://dx.doi.org/10.1073/pnas.85.18.6622
http://dx.doi.org/10.1073/pnas.85.18.6622
http://dx.doi.org/10.1073/pnas.85.18.6622
http://dx.doi.org/10.1073/pnas.85.18.6622
http://dx.doi.org/10.1038/nrm3823
http://dx.doi.org/10.1038/nrm3823
http://dx.doi.org/10.1016/j.cell.2013.10.019
http://dx.doi.org/10.1016/j.cell.2013.10.019
http://dx.doi.org/10.1016/j.cell.2013.10.019
http://dx.doi.org/10.1016/j.cell.2013.10.019
http://dx.doi.org/10.1016/S1535-6108(02)00094-6
http://dx.doi.org/10.1016/S1535-6108(02)00094-6
http://dx.doi.org/10.1016/S1535-6108(02)00094-6
http://dx.doi.org/10.2152/jmi.51.146
http://dx.doi.org/10.2152/jmi.51.146
http://dx.doi.org/10.2152/jmi.51.146
http://dx.doi.org/10.1021/bi002721g
http://dx.doi.org/10.1021/bi002721g
http://dx.doi.org/10.1021/bi002721g
http://dx.doi.org/10.1016/0531-5565(96)00005-8
http://dx.doi.org/10.1016/0531-5565(96)00005-8
http://dx.doi.org/10.1093/nar/gkm893
http://dx.doi.org/10.1093/nar/gkm893
http://dx.doi.org/10.1093/nar/gkm893
http://dx.doi.org/10.1182/blood-2011-04-351460
http://dx.doi.org/10.1182/blood-2011-04-351460
http://dx.doi.org/10.1182/blood-2011-04-351460
http://dx.doi.org/10.1182/blood-2011-04-351460
http://dx.doi.org/10.1038/nsmb1259
http://dx.doi.org/10.1038/nsmb1259
http://dx.doi.org/10.1038/nsmb1259
http://dx.doi.org/10.1073/pnas.0706485104
http://dx.doi.org/10.1073/pnas.0706485104
http://dx.doi.org/10.1073/pnas.0706485104
http://dx.doi.org/10.1073/pnas.0706485104
http://dx.doi.org/10.1136/bjophthalmol-2011-300141
http://dx.doi.org/10.1136/bjophthalmol-2011-300141
http://dx.doi.org/10.1136/bjophthalmol-2011-300141
http://dx.doi.org/10.1111/j.1474-9726.2006.00231.x
http://dx.doi.org/10.1111/j.1474-9726.2006.00231.x
http://dx.doi.org/10.1111/j.1474-9726.2006.00231.x
http://dx.doi.org/10.1016/S0092-8674(00)80580-2
http://dx.doi.org/10.1016/S0092-8674(00)80580-2
http://dx.doi.org/10.1016/S0092-8674(00)80580-2
http://dx.doi.org/10.1038/88871
http://dx.doi.org/10.1038/88871
http://dx.doi.org/10.1038/88871
http://dx.doi.org/10.1084/jem.190.2.157
http://dx.doi.org/10.1084/jem.190.2.157
http://dx.doi.org/10.1084/jem.190.2.157
http://dx.doi.org/10.1084/jem.190.2.157
http://dx.doi.org/10.1084/jem.190.2.157
http://dx.doi.org/10.1073/pnas.0603349103
http://dx.doi.org/10.1073/pnas.0603349103
http://dx.doi.org/10.1073/pnas.0603349103
http://dx.doi.org/10.1038/onc.2008.458
http://dx.doi.org/10.1038/onc.2008.458

REVIEW

Disease Models & Mechanisms (2016) 9, 737-748 doi:10.1242/dmm.025130

Sahin, E., Colla, S., Liesa, M., Moslehi, J., Miiller, F. L., Guo, M., Cooper, M.,
Kotton, D., Fabian, A. J., Walkey, C. et al. (2011). Telomere dysfunction induces
metabolic and mitochondrial compromise. Nature 470, 359-365.

Saretzki, G., Murphy, M. P. and von Zglinicki, T. (2003). MitoQ counteracts
telomere shortening and elongates lifespan of fibroblasts under mild oxidative
stress. Aging Cell 2, 141-143.

Scheinfeld, M. H., Lui, Y. W., Kolb, E. A., Engel, H. M., Gomes, W. A,
Weidenheim, K. M. and Bello, J. A. (2007). The neuroradiological findings in a
case of Revesz syndrome. Pediatr. Radiol. 37, 1166-1170.

Shay, J. W. and Bacchetti, S. (1997). A survey of telomerase activity in human
cancer. Eur. J. Cancer 33, 787-791.

Sherr, C. J. and Roberts, J. M. (1999). CDK inhibitors: positive and negative
regulators of G1-phase progression. Genes Dev. 13, 1501-1512.

Sidorov, I., Kimura, M., Yashin, A. and Aviv, A. (2009). Leukocyte telomere
dynamics and human hematopoietic stem cell kinetics during somatic growth.
Exp. Hematol. 37, 514-524.

Sperka, T., Song, Z., Morita, Y., Nalapareddy, K., Guachalla, L. M., Lechel, A.,
Begus-Nahrmann, Y., Burkhalter, M. D., Mach, M., Schlaudraff, F. et al.
(2012). Puma and p21 represent cooperating checkpoints limiting self-renewal
and chromosomal instability of somatic stem cells in response to telomere
dysfunction. Nat. Cell Biol. 14, 73-79.

Storer, M., Mas, A., Robert-Moreno, A., Pecoraro, M., Ortells, M. C., Di Giacomo,
V., Yosef, R., Pilpel, N., Krizhanovsky, V., Sharpe, J. et al. (2013). Senescence
is a developmental mechanism that contributes to embryonic growth and
patterning. Cell 155, 1119-1130.

Trahan, C., Martel, C. and Dragon, F. (2010). Effects of dyskeratosis congenita
mutations in dyskerin, NHP2 and NOP10 on assembly of H/ACA pre-RNPs. Hum.
Mol. Genet. 19, 825-836.

van Steensel, B., Smogorzewska, A. and de Lange, T. (1998). TRF2 protects
human telomeres from end-to-end fusions. Cell 92, 401-413.

Veinotte, C. J., Dellaire, G. and Berman, J. N. (2014). Hooking the big one: the
potential of zebrafish xenotransplantation to reform cancer drug screening in the
genomic era. Dis. Model Mech. 7, 745-754.

Vulliamy, T. J. and Dokal, I. (2008). Dyskeratosis congenita: the diverse clinical
presentation of mutations in the telomerase complex. Biochimie 90, 122-130.
Vulliamy, T., Marrone, A., Goldman, F., Dearlove, A., Bessler, M., Mason, P. J.
and Dokal, I. (2001). The RNA component of telomerase is mutated in autosomal

dominant dyskeratosis congenita. Nature 413, 432-435.

Vulliamy, T. J., Marrone, A., Knight, S. W., Walne, A., Mason, P. J. and Dokal, I.
(2006). Mutations in dyskeratosis congenita: their impact on telomere length and
the diversity of clinical presentation. Blood 107, 2680-2685.

Vulliamy, T., Beswick, R., Kirwan, M., Marrone, A., Digweed, M., Walne, A. and
Dokal, I. (2008). Mutations in the telomerase component NHP2 cause the
premature ageing syndrome dyskeratosis congenita. Proc. Natl. Acad. Sci. USA
105, 8073-8078.

748

Walne, A. J., Vulliamy, T., Marrone, A., Beswick, R., Kirwan, M., Masunari, Y.,
Al-Qurashi, F.-h., Aljurf, M. and Dokal, I. (2007). Genetic heterogeneity in
autosomal recessive dyskeratosis congenita with one subtype due to mutations in
the telomerase-associated protein NOP10. Hum. Mol. Genet. 16, 1619-1629.

Wang, R. C., Smogorzewska, A. and de Lange, T. (2004). Homologous
recombination generates T-loop-sized deletions at human telomeres. Cell 119,
355-368.

Wang, C., Jurk, D., Maddick, M., Nelson, G., Martin-Ruiz, C. and von Zglinicki, T.
(2009). DNA damage response and cellular senescence in tissues of aging mice.
Aging Cell 8, 311-323.

Wang, J., Lu, X., Sakk, V., Klein, C. A. and Rudolph, K. L. (2014). Senescence
and apoptosis block hematopoietic activation of quiescent hematopoietic stem
cells with short telomeres. Blood 124, 3237-3240.

Weng, N.-p., Granger, L. and Hodes, R. J. (1997). Telomere lengthening and
telomerase activation during human B cell differentiation. Proc. Natl. Acad. Sci.
USA 94, 10827-10832.

Wong, K.-K., Maser, R. S., Bachoo, R. M., Menon, J., Carrasco, D.R., Gu, Y., Alt,
F. W. and DePinho, R. A. (2003). Telomere dysfunction and Atm deficiency
compromises organ homeostasis and accelerates ageing. Nature 421, 643-648.

Wright, W. E. and Shay, J. W. (2000). Telomere dynamics in cancer progression
and prevention: fundamental differences in human and mouse telomere biology.
Nat. Med. 6, 849-851.

Wu, P., Takai, H. and de Lange, T. (2012). Telomeric 3’ overhangs derive from
resection by Exo1 and Apollo and fill-in by POT1b-associated CST. Cell 150,
39-52.

Zaug, A. J., Crary, S. M., Jesse Fioravanti, M., Campbell, K. and Cech, T. R.
(2013). Many disease-associated variants of hTERT retain high telomerase
enzymatic activity. Nucleic Acids Res. 41, 8969-8978.

Zeng, S., Xiang, T., Pandita, T. K., Gonzalez-Suarez, |., Gonzalo, S., Harris, C. C.
and Yang, Q. (2009). Telomere recombination requires the MUS81
endonuclease. Nat. Cell Biol. 11, 616-623.

Zhang, H. and Cohen, S. N. (2004). Smurf2 up-regulation activates telomere-
dependent senescence. Genes Dev. 18, 3028-3040.

Zhang, Y., Morimoto, K., Danilova, N., Zhang, B. and Lin, S. (2012). Zebrafish
models for dyskeratosis congenita reveal critical roles of p53 activation
contributing to hematopoietic defects through RNA processing. PLoS ONE 7,
e30188.

Zhong, Z.-H., Jiang, W.-Q., Cesare, A. J., Neumann, A. A., Wadhwa, R. and
Reddel, R. R. (2007). Disruption of telomere maintenance by depletion of the
MRE11/RAD50/NBS1 complex in cells that use alternative lengthening of
telomeres. J. Biol. Chem. 282, 29314-29322.

Zhong, F., Savage, S. A,, Shkreli, M., Giri, N., Jessop, L., Myers, T., Chen, R.,
Alter, B. P. and Artandi, S. E. (2011). Disruption of telomerase trafficking by
TCAB1 mutation causes dyskeratosis congenita. Genes Dev. 25, 11-16.

(%]
S
oA
c
©
<
|9
o}
=
=]
A
0}
e,
o
=
o)
(%)
©
Q
oA
(@]



http://dx.doi.org/10.1038/nature09787
http://dx.doi.org/10.1038/nature09787
http://dx.doi.org/10.1038/nature09787
http://dx.doi.org/10.1046/j.1474-9728.2003.00040.x
http://dx.doi.org/10.1046/j.1474-9728.2003.00040.x
http://dx.doi.org/10.1046/j.1474-9728.2003.00040.x
http://dx.doi.org/10.1007/s00247-007-0592-0
http://dx.doi.org/10.1007/s00247-007-0592-0
http://dx.doi.org/10.1007/s00247-007-0592-0
http://dx.doi.org/10.1016/S0959-8049(97)00062-2
http://dx.doi.org/10.1016/S0959-8049(97)00062-2
http://dx.doi.org/10.1101/gad.13.12.1501
http://dx.doi.org/10.1101/gad.13.12.1501
http://dx.doi.org/10.1016/j.exphem.2008.11.009
http://dx.doi.org/10.1016/j.exphem.2008.11.009
http://dx.doi.org/10.1016/j.exphem.2008.11.009
http://dx.doi.org/10.1038/ncb2388
http://dx.doi.org/10.1038/ncb2388
http://dx.doi.org/10.1038/ncb2388
http://dx.doi.org/10.1038/ncb2388
http://dx.doi.org/10.1038/ncb2388
http://dx.doi.org/10.1016/j.cell.2013.10.041
http://dx.doi.org/10.1016/j.cell.2013.10.041
http://dx.doi.org/10.1016/j.cell.2013.10.041
http://dx.doi.org/10.1016/j.cell.2013.10.041
http://dx.doi.org/10.1093/hmg/ddp551
http://dx.doi.org/10.1093/hmg/ddp551
http://dx.doi.org/10.1093/hmg/ddp551
http://dx.doi.org/10.1016/S0092-8674(00)80932-0
http://dx.doi.org/10.1016/S0092-8674(00)80932-0
http://dx.doi.org/10.1242/dmm.015784
http://dx.doi.org/10.1242/dmm.015784
http://dx.doi.org/10.1242/dmm.015784
http://dx.doi.org/10.1016/j.biochi.2007.07.017
http://dx.doi.org/10.1016/j.biochi.2007.07.017
http://dx.doi.org/10.1038/35096585
http://dx.doi.org/10.1038/35096585
http://dx.doi.org/10.1038/35096585
http://dx.doi.org/10.1182/blood-2005-07-2622
http://dx.doi.org/10.1182/blood-2005-07-2622
http://dx.doi.org/10.1182/blood-2005-07-2622
http://dx.doi.org/10.1073/pnas.0800042105
http://dx.doi.org/10.1073/pnas.0800042105
http://dx.doi.org/10.1073/pnas.0800042105
http://dx.doi.org/10.1073/pnas.0800042105
http://dx.doi.org/10.1093/hmg/ddm111
http://dx.doi.org/10.1093/hmg/ddm111
http://dx.doi.org/10.1093/hmg/ddm111
http://dx.doi.org/10.1093/hmg/ddm111
http://dx.doi.org/10.1016/j.cell.2004.10.011
http://dx.doi.org/10.1016/j.cell.2004.10.011
http://dx.doi.org/10.1016/j.cell.2004.10.011
http://dx.doi.org/10.1111/j.1474-9726.2009.00481.x
http://dx.doi.org/10.1111/j.1474-9726.2009.00481.x
http://dx.doi.org/10.1111/j.1474-9726.2009.00481.x
http://dx.doi.org/10.1182/blood-2014-04-568055
http://dx.doi.org/10.1182/blood-2014-04-568055
http://dx.doi.org/10.1182/blood-2014-04-568055
http://dx.doi.org/10.1073/pnas.94.20.10827
http://dx.doi.org/10.1073/pnas.94.20.10827
http://dx.doi.org/10.1073/pnas.94.20.10827
http://dx.doi.org/10.1038/nature01385
http://dx.doi.org/10.1038/nature01385
http://dx.doi.org/10.1038/nature01385
http://dx.doi.org/10.1038/78592
http://dx.doi.org/10.1038/78592
http://dx.doi.org/10.1038/78592
http://dx.doi.org/10.1016/j.cell.2012.05.026
http://dx.doi.org/10.1016/j.cell.2012.05.026
http://dx.doi.org/10.1016/j.cell.2012.05.026
http://dx.doi.org/10.1093/nar/gkt653
http://dx.doi.org/10.1093/nar/gkt653
http://dx.doi.org/10.1093/nar/gkt653
http://dx.doi.org/10.1038/ncb1867
http://dx.doi.org/10.1038/ncb1867
http://dx.doi.org/10.1038/ncb1867
http://dx.doi.org/10.1101/gad.1253004
http://dx.doi.org/10.1101/gad.1253004
http://dx.doi.org/10.1371/journal.pone.0030188
http://dx.doi.org/10.1371/journal.pone.0030188
http://dx.doi.org/10.1371/journal.pone.0030188
http://dx.doi.org/10.1371/journal.pone.0030188
http://dx.doi.org/10.1074/jbc.M701413200
http://dx.doi.org/10.1074/jbc.M701413200
http://dx.doi.org/10.1074/jbc.M701413200
http://dx.doi.org/10.1074/jbc.M701413200
http://dx.doi.org/10.1101/gad.2006411
http://dx.doi.org/10.1101/gad.2006411
http://dx.doi.org/10.1101/gad.2006411


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.32000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.32000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    34.69606
    34.27087
    34.69606
    34.27087
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50394
    8.50394
    8.50394
    8.50394
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


